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??????????????
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3.3 ????????????
? 3.4????????????? 3.2????
? 3.2: ???????????????????
m [kg] ??A1?A2?????B1?B2???
r [m] ??B1?B2???
`0 [m] ???B1B2???
cx [Ns/m] x1?x2???????
c [Nms] 1?2???????
g [m/s2] ?????
x1 [m] ??A1???
x2 [m] ??A2???
1 [rad] ??B1??????????
2 [rad] ??B2??????????
u1(t) [N] x1?????????
u2(t) [N] x2?????????
E1(t) [N m] 1?????????
E2(t) [N m] 2?????????
18
3.3 ????????????
3.3.3 ?????
?????????????Ai?????Bi?????????
ui(t) = r(K sin i + L _i cos i); Ei(t) = 0 (i = 1; 2) (3.8)
?????????Ai???Bi?????????????? PD??????
?? PD????????????????????????????????
`0 > 2r???????????K?L???????????????????
????????????????????4??
(1; 2) = 1 := (0; 0); 2 := (0; ); 3 := (; 0); 4 := (; ) (3.9)
????????? (quadra-stability)?????? 3.3?? (3.9)???????
??????? 4????????
? 3.3: ????????????????????????
??A2B2(?????)
2 = 0 2 = 
?
?
A
1
B
1
(?
?
?
?
?
)
 1
=
0
 1
=

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3.3 ????????????
3.3.4 ??????
? 3.4????????????????????? (3.10)????
8>>>>>>>>>><>>>>>>>>>>:
2mxi +mr cos ii  mr _2i sin i = ui + 
@
@xi
;
cos ixi + ri   g sin i = 1
mr
Ei(t) +

mr
@
@i
;
 := (r cos 1   r sin 2)2
+(r sin 1   r sin 2 + x1   x2)2   l2 = 0
(i = 1; 2) (3.10)
? (3.10)???????????????????????????????
???? (DAE)???????????????????DAE???????
??????????????????? [35]???????????????
????????? 3.4??????????Bi??????????????
????????????????????????? (penalty method)????
DAE?????????????????? 3.4??????????????
?????
20
3.3 ????????????
? 3.4??????B1B2??????? `0????????????????
????????? 3.5??????????????????????????
???????????????????DAE???????????????
????????????????????????????????? 3.5??
?????? 3.4????????????????????????????
???????
? 3.5: ????????????????????????????????
??A1?A2??????????????????????B1?B2????
????????????????????A1?A2?????????????
x1?x2???B1?B2??????????????? 1?2???????xi?
????????? ui(t)?i??????????Ei(t)????
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3.3 ????????????
? 3.5??????????????????? 3.4????
? 3.4: ???????????????????
m [kg] ??A1?A2?????B1?B2???
r [m] ??B1?B2???
` [m] ???B1B2???
`0 [m] ???B1B2????
cx [Ns/m] x1?x2???????
c [Nms] 1?2???????
k` [N/m] ???B1B2???????
c` [Ns/m] ???B1B2???????
g [m/s2] ?????
x1 [m] ??A1???
x2 [m] ??A2???
1 [rad] ??B1??????????
2 [rad] ??B2??????????
u1(t) [N] x1?????????
u2(t) [N] x2?????????
E1(t) [N m] 1?????????
E2(t) [N m] 2?????????
22
3.3 ????????????
? 3.5???????????????????????????????
?????? x1?1?x2?2???????A1?????? (X1,Y1)???B1
????????? (X2,Y2)???A2?????? (X3,Y3)???B2?????
??? (X4,Y4)????????8>>>>>><>>>>>>:
(X1; Y1) = (x1; 0);
(X2; Y2) = (x1 + r sin 1; r cos 1);
(X3; Y3) = (x2; 0);
(X4; Y4) = (x2 + r sin 2; r cos 2)
(3.11)
????????????????????? T ?
T = m( _x21 + _x
2
2) +mr( _x1
_1 cos 1 + _x2 _2 cos 2) +
1
2
mr2( _21 +
_22) (3.12)
???????????????????? Ua?
Ua = mgr(cos 1 + cos 2) (3.13)
?????????????????? `s?
`s = `  `0
=
p
X2 +Y 2   `0
???????8<:X = r cos 2   r cos 1;Y = r sin 2   r sin 1 + x2   x1 (3.14)
???????????????????? Us?
Us =
1
2
k``s
2 (3.15)
?????????????????????
U = Ua + Us
= mgr (cos 1 + cos 2) +
1
2
k``s
2
(3.16)
???????x1?x2???????? cx?1?2???????? c????
??????????????? c`???????? S?
S =
cx
2
( _x21 + _x
2
2) +
c
2
( _21 +
_22) +
1
2
c` _`
2 (3.17)
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3.3 ????????????
????????????????????????????????????
????????Q0i? x1???1???x2???2??????
Q01 = u1(t); Q
0
2 = E1(t); Q
0
3 = u2(t); Q
0
4 = E2(t) (3.18)
????
????? (3.5)?Lagrange???????????????????????
???????????????????????n = 4????q1 = x1?q2 = 1?
q3 = x2?q4 = 2????? (3.12)?? (3.18)?? (3.5)????????????
????????????????? (3.19)???? 4??? 2???????
??????8>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
2mx1 +mr1 cos 1  mr _21 sin 1 + cx _x1
+
k`
2
 @`
2
s
@x1
+
c`
2
 @
_`2
@ _x1
= u1(t);
mrx1 cos 1 +mr
21 + c _1  mgr sin 1
+
k`
2
 @`
2
s
@1
+
c`
2
 @`
2
@ _1
= E1(t);
2mx2 +mr2 cos 2  mr _22 sin 2 + cx _x2
+
k`
2
 @`
2
s
@x2
+
c`
2
 @
_`2
@ _x2
= u2(t);
mrx2 cos 2 +mr
22 + c _2  mgr sin 2
+
k`
2
 @`
2
s
@2
+
c`
2
 @`
2
@ _2
= E2(t)
(3.19)
???8>>>>>><>>>>>>:
` =
p
X2 +Y 2;
`s = `  `0 =
p
X2 +Y 2   `0;
X = r cos 2   r cos 1;
Y = r sin 2   r sin 1 + x2   x1
(3.20)
????
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3.4 ????????????????
3.4 ????????????????
?????? 3.3????????????????????????????
?????????????????????????
? 3.4.1????????????????????? 3.4.2?????????
????????????????? 3.4.3?????????????????
??????????????????????????????
3.4.1 ?????????
? (3.19)?????????????????????????????8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:
A = mr _21 sin 1   cx _x1  
k`
2
 @`s
2
@x1
  c`
2
 @`
2
@ _x1
;
B =  c _1 +mgr sin 1   k`
2
 @`
2
s
@1
  c`
2
 @`
2
@ _1
;
C = mr _22 sin 2   cx _x2  
k`
2
 @`
2
s
@x2
  c`
2
 @
_`2
s
@ _x2
;
D =  c _2 +mgr sin 2   k`
2
 @`
2
s
@2
  c`
2
 @`
2
s
@ _2
(3.21)
???????
x1 := y1;
dx1
dt
:= y2; 1 := y3;
d1
dt
:= y4;
x2 := y5;
dx2
dt
:= y6; 2 := y7;
d2
dt
:= y8
(3.22)
????????????8>>>>>>>>>>>>>><>>>>>>>>>>>>>>:
dy1
dt
= y2;
dy2
dt
=
Amr2  Bmr cos 1
m2r2(2  cos2 1) ;
dy3
dt
= y4;
dy4
dt
=  Amr cos 1   2Bm
m2r2(2  cos2 1) ;
dy5
dt
= y6;
dy6
dt
=
Cmr2  Dmr cos 2
m2r2(2  cos2 2) ;
dy7
dt
= y8;
dy8
dt
=  Cmr cos 2   2Dm
m2r2(2  cos2 2)
(3.23)
????
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3.4 ????????????????
3.4.2 ????????????
????????????????
 ??????Runge-Kutta-Gill?
 ?????0:01[s]
 ???????????K = 100?L = 10
?????????????????????????? 3.5????
? 3.5: ????????????????????
??A1?A2?????B1?B2??? m = 1:0 [kg]
??B1?B2??? r = 0:3 [m]
?????B1B2???? `0 = 1:0 [m]
?????B1B2??????? k` = 5 104 [N/m]
?????B1B2??????? c` = 5:0 [Ns/m]
x1?x2??????? cx = 1:0 [Ns/m]
1?2??????? c = 1:0 [Nms]
????? g = 9:8 [m/s2]
???? 1(0)?2(0)??????    1  ?   2   ????
???????????? =250[rad]???????????????????
x1(0) = 0[m]? _x1 = _x2 = 0[m=s]? _1 = _2 = 0[rad=s]????
26
3.4 ????????????????
3.4.3 ????????????
?????????????????????????????????? 3.6
??????????? (3.9)???? 4???????? i (i = 1; 2; 3; 4)???
???? (1(0); 2(0))???????
? 3.6???????? 1(0)???????? 2(0)???????????
????? [ ; ]  [ ; ]?????? 500  500????????????
????????????????????????????????? 4??
???????????? 1((1; 2) = (0; 0))???????????????
2((1; 2) = (0; ))??????????????? 3((1; 2) = (; 0))????
??????????? 4((1; 2) = (; ))????????????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
? 3.6: ?????????????
? 3.6????? 4???????????????????????????
??? (1(0); 2(0))?????4???????? i (i = 1; 2; 3; 4)??????
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3.4 ????????????????
????????????
???? (1(0); 2(0))???? 4????????????????????
????????????????????????????????????
??????? 1(0) + 2(0) = 0?????????????????????4
??????????????? (1; 2)  (=2;=2)?(=2;=2)???
????????????????????????????????????
???????????????????????????????????
?????? 3.4???????????????A1?A2?????PD??
? u1(t)?u2(t)?????????????????????
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3.5 ???
3.5 ???
????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
? 3.2????????????????????????????????
???????????????PD????????????????????
???? 3.3???????????????????????????????
?????????????????????????????PD??????
????????????????????????????????????
???????????? 3.4???????????????????????
????????????????????????????????????
????????????????????????????????????
???????????????????????????
29
?4?
???????????????
4.1 ????
???????????????????????????????????
??????????????????????????????
? 4.2????? 3.2?????????????? 3.3??????????
????????????????????????????????????
?????? 4.3????? 4.2??????????????????????
????????????????????????????????????
???????????????????????????? 4.4????? 4.3
????????????????????????????????????
????????????????? 4.5????? 4.4???????????
????????????????????????????????????
???????????????????????
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4.2 ??????????
4.2 ??????????
?????? 3????????????????????????????
????????
? 4.2.1??????????????????????? 4.2.2???????
???????????????????????????????Borman [36]
? Cabrera [37]?????????????????????????????
??????
4.2.1 ???????????????
?????? 3.2????????????????????????
? 3.1???????????????? 2?? 2??????????????
???????????1?? 2???????????????
??????????????????? 3.1???????????????
????????????????????????????????????
????????????????????????????????????
??????????????????????????? 1????????
??? 4.1??????  = [rad]?????????? = 0[rad]?????
?? (???)????????????
? 4.1: ??????????????
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4.2 ??????????
??????? 3.1? 2?? 2???????????????? 4.2????
???1?? 2??????????????????????????????
?????????????????????A???????A??????
?????B??????B???????????????????????
?????
? 4.2: ???????????
? 4.2?????????????????????? 4.1????
? 4.1: ???????????????
m [kg] ??????A????????B???
xm [m] ??????A???
xt [m] ?????B???
  [N/m] ???????????
u(t) [N] ????
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4.2 ??????????
Lagrange?????? (? (3.5))????????????????????8<:mxt + c _xt   (xt   xm) = 0;mxm + c _xm = u(t) (4.1)
?????????? 1?? 2??????????????????1?? 1?
???????????????????????B???????A????
????????x????
x := xt   xm (4.2)
????????????????????????????? (4.1)?????
???
m (xt   xm) + c ( _xt   _xm)  (xt   xm) =  u(t) (4.3)
????? (4.2)??????
mx+ c _x  x =  u(t) (4.4)
?????????????? 1?? 2????????? (? (4.1))??1??
1????????????????
?????????2?? 2??????????? 1?? 1????????
??????????????
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4.2 ??????????
4.2.2 ????????????????????
?????? 3.3???????????????????????
? 3.4?????????????? 2??????????????????
?????????????????????2????????????? (?
??????????????)??????????????????????
????????????? 3.4???? 2?? 4???????????????
? 4.3?????? 1?? 4????????????????
? 4.3: ???????????
? 4.3?????????????????????? 4.2????
? 4.2: ???????????????
m [kg] ??????A1?A2????????B1?B2???
` [m] ????B1B2???
  [N/m] ???????????
xm1 [m] ??????A1???
xm2 [m] ??????A2???
xt1 [m] ?????B1???
xt2 [m] ?????B2???
u1(t) [N] ?????? 1????????
u2(t) [N] ?????? 2????????
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4.2 ??????????
Lagrange?????? (? (3.5))????????????????????8>>>>>><>>>>>>:
mxt1 + c _xt1   (xt1   xm1) = 0;
mxt2 + c _xt2   (xt2   xm2) = 0;
mxm1 + c _xm1 = u1(x);
mxm2 + c _xm2 = u2(x)
(4.5)
????????????? B1?????? B2??? `??????????
???
xt2 = xt1 + ` (4.6)
?????????????????? (4.5)?? 2??
m
d2
dt2
(xt1 + `) + c
d
dt
(xt1 + `)  (xt1 + `  xm2) = 0 (4.7)
mxt1 + c _xt1   (xt1 + `  xm2) = 0 (4.8)
??????????? 1??? 2????????? (4.5)?8>>><>>>:
2mxt1 + 2c _xt1   (2xt1   xm1   xm2 + `) = 0;
mxm1 + c _xm1 = u1(x);
mxm2 + c _xm2 = u2(x)
(4.9)
????1?? 3???????????????????
??????????????????????1?? 2??????????
???? 4.2.1???????????Bi???????Ai?????????
???xi????
xi := xti   xmi (i = 1; 2) (4.10)
????????????????????????????? (4.9)?? 1??
?? 2??? 3??????????
m(xti   xmi) + c( _xti   _xmi) 
1
2
(xti   xmi) =  ui(t) (i = 1; 2) (4.11)
????? (4.10)??????
mxi + c _xi   1
2
xi =  ui(t) (i = 1; 2) (4.12)
??????????????????? (? 4.5)? 1?? 2?????????
???????
?????????2?? 4??????????? 1?? 2????????
???????????
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4.3 ?????????????
4.3 ?????????????
?????? 4.2????????????????????????????
????????????????????????????????????
???????????????????????????????
? 4.3.1????????????????????????????????
?????? 4.3.2?????????????????????? 4.3.3???
??????????????
4.3.1 ??????????????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???? [36, 37]?
????????????????????? (? (4.4))??????
u(t; ) =  f1 +  (t)g fxt(t  )  xm(t  )g (4.13)
?????????????????????????? (? (4.12))??????
ui(t; ) =  f1 +  i(t)g fxti(t  )  xmi(t  )g (i = 1; 2) (4.14)
???????
???? ??????????????? (??????)? f1 +  (t)g?
 f1 +  i(t)g????????????????????????i?????
???????? (???????)?????????????
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4.3 ?????????????
4.3.2 ????????????
??????????????????????????
?????
??????????????????????
 ??????Runge-Kutta-Gill?
 ?????0.01 [s]
 ??????????? = 20.306
 ????x(0) = 0:5[m]?  _x(0) = 0:0[m/s]
????????????????????????? 4.3???.
? 4.3: ????????????????
????? m = 1:0 [kg]
???????????   =  22:0 [N/m]
???? c = 50 [Ns/m]
??????  = 0:1 [s]
??????????????????????????????????
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4.3 ?????????????
?????
??????????????????????
 ??????Runge-Kutta-Gill?
 ?????0.01 [s]
 ??????????? = 21.032
 ????x1(0) = 0:5[m]?  _x1(0) = 0:0[m/s];
x2(0) =  0:5[m]?  _x2(0) = 0:0[m/s]
????????????????????????? 4.4???.
? 4.4: ????????????????
????? m = 1:0 [kg]
??????? ` = 1:0 [m]
???????????   =  22:0 [N/m]
???? c = 50 [Ns/m]
??????  = 0:1 [s]
??????????????????????????????????
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4.3 ?????????????
4.3.3 ????????????
????????????????????????????????????
??????????????????????????????
???????
? 4.4?????????????????????????
0
20
40
60
 0  200  400  600  800  1000  1200
∆x
(t)
  [m
]
t  [s]
rms = 5.8
0
0.2
0.4
 0  200  400  600  800  1000  1200
∆x
1(t
)  [
m]
t  [s]
rms = 4.2x10-2
? 4.4: ????????????x(t)???????????????x1(t)
? 4.4?????????????????????????????????
? t[s]??????????x(t)[m]???x1(t)[m]????
??????x(t)????????????B???????A??????
??????x1(t)???????????? B1??????? A1????
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4.3 ?????????????
???????????????????x2(t)?x1(t)?????????
????? 4.4?? rms??x(t)???1x(t)???????? (Root Mean
Square)?????
? 4.4??????????????? 61:151[m]?????????????
??? 0:357[m]??? 0:6%????????????RMS?????????
??? 5:8[m]???????????????? 4:2 10 2[m]?? 0:7%???
????????????????????????????????????
???????????
?????????????????????????RMS??? 4.5????
 0 500    
R
oo
t m
ea
n 
sq
ua
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2.7x102 
rms of ∆x 
R
oo
t m
ea
n 
sq
ua
re
 0 500    
100
105
1010
1015
Index of sample
1.5x10-1 
rms of ∆x
1
 
? 4.5: ???????????????RMS?
? 4.5?????????????????????????????????
???????????????????????????????RMS???
??RMS??????????????????RMS???????????
?????
??????RMS?? 1:010 2[m]???? 1:01013[m]?????????
??????? 2:7 102[m]?????????????RMS?? 1:0 10 2[m]
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4.3 ?????????????
???? 1:0  105[m]???????????????? 1:5  10 1[m]????
?????????RMS?? 5:5 10 2?????? 4.4??????????
???????????????????????
?????????? _x(t)????????????? _x1(t)??????
????? 4.6???? _x(t)????????????B??????????
A?????? _x1(t)????????????? B1??????????A1
?????????
 1
 1.2
 1.4
 1.6
 1.8
 2
-4 -3 -2 -1  0  1  2  3  4
p(
∆x
.
1
) 
/ p
(∆
x. )
∆x. , ∆x.1
? 4.6:  _x(t)??? _x1(t)?????????
? 4.6???? _x(t)??? _x1(t)???????????????????
 _x(t)? _x1(t)??? 0????????????? 2??????????
????????????????????????????????
???????????????????????????????????
?????????
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4.3 ?????????????
???????
????????????????????????????????????
??????????????????????????????????? [38]?
????????????????????????????????????
?????????????????????????????????????
x(t)?y(t)??????????t????????????????????
??????????? (4.15)?????? [38]?
R(x; y; )(t) =
C(x mx; y  my; ; t)
xy
(4.15)
???8>>><>>>:
C(x mx; y  my; ; t) := hx(s)y(s+ )i[t;t+t]?
mx := hx(s)i[t;t+t]?
x := h(x(s) mx)2i1=2[t;t+t]
(4.16)
???????hx(s)i[a;b]??????????? [a; b]??X(s)????????
hx(s)i[a;b] :=
1
b  a
Z b
a
X(s)ds (4.17)
? (4.15)????????????????????????????????
????????????????????????????????????
????????????
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4.3 ?????????????
? 4.7????????????????????????????????
 [s]??????????????
R( _xt1 ; _xm1 ; )??????B1( _xt1)???????A1( _xm1)??????? (?
????)?R( _xt2 ; _xm2 ; )?????? B2( _xt2)??????? B2( _xm2)????
??? (?????)???????t = 36[s]?t = 5[s]????
 0
 0.1
 0.2
 0.3
 0  0.05  0.1  0.15  0.2  0.25
τ
Sh
or
t-t
im
e 
cr
os
s-
n
co
rr
e
la
tio
n 
co
ef
fic
ie
nt t= 36
τ^x.1
τ^x.2
R(x.T,x
.
M1;τ)
R(x.T,x
.
M2;τ)
? 4.7: t = 36[s]?????????????
???????????????????????????????? ^ _x??
?????? ^ _xi(i = 1; 2)?????????????????????????
???????
? 4.7?????????A1???????? ^x1 = 0:105[s]???????A2
?? ^x2 = 0:035[s]????????????A1??????????????
???????? 0:1[s]??????????????????????A2??
????????????? 3????????????????
???????????????????????????????????
????????????
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4.3 ?????????????
?????????????????????????????? ^ _x?^ _x1??
??????? 4.8??????????????? [0; 1200]????????
????????????????????????? 100?????????
????????????^ _x2???? ^ _x1??????????????
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τ^
9.59
6.94
p(τ^x.)
p(τ^x.1)
? 4.8: ???????????????
? 4.8?????????? ^ [s]?????????????????????
????????????????????????
? 4.8???????????????????????? 38%??????
?????20%?????????? ^ ??????????????????
???????????????????????????????
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4.4 ???????????????
4.4 ???????????????
?????? 4.3????????????????????????????
????????????????????????????????????
??????????
? 4.4.1???????????????????????? 4.4.2?????
????????????????????????????????????
??? [36]???????????????????????????
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4.4 ???????????????
4.4.1 ????????????
???????????????????????????????????
?????????????????????????????????????
?????????????????????????????????
?????????
? 4.2.1?????????????????????????????????
? 4.9????????????????????????? (4.1)??????
?????????? xm??????????????????????
????????????????????????????????????
????????????????????????????????????
???????
? 4.9: ????????? : ?????
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4.4 ???????????????
???????
????????????? 4.2?????????????????????
?????? 4.10???????????? xt?xm?????????????
???????????
? 4.10: ????????????????? : ?????
???????????????????????? 600[pixcel]?? 1200[pixcel]
????????????????????????????????????
??? [1; 1200]?????????????? [ 3; 3]?????????
??????????????????????????A????????
??????????B??????????????
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4.4 ???????????????
?????????????????
? 4.2.1?????????? (? (4.1))?????????????????
?????????????? (? (4.4))??????? B??????? A?
????????????????????????????????????
??????????A?????????????????B???????
????????
????????????????????????????? (4.18)???
???????
mxt + c _xt    (xt   xm) = 0 (4.18)
????xm???????????????
???????????????????????????????????
???????
 ??????Runge-Kutta-Gill?
 ?????0.02 [s]
 ????xt(0) = 0:5[m]; _xt(0) = 0:0[m=s];
xm(0) = 0:0[m]; _xm(0) = 0:0[m=s]
??????????????????? 4.5??????????
? 4.5: ????????????????
????? m = 1:0 [kg]
???????????   =  22:0 [N/m]
???? c = 50 [Ns/m]
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4.4 ???????????????
4.4.2 ????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????
?????????
? 4.2.2?????????????????????????????????
????????????????? 4.11??????????????????
??????? (4.5)????????????????????? xmi(i = 1; 2)
??????????????????????????
????????????????????????????????????
???????? 2???????????????????????????
???????????????????????? xm1?xm2????????
??????
? 4.11: ????????? : ?????
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4.4 ???????????????
???????
????????????? 4.3?????????????????????
????????????? 4.12???????????? xt1?xt2?xm1?xm2
???????????????????????????
? 4.12: ???????????????? : ?????
???????????????????????????????????
??????? 600[pixcel]?? 1200[pixcel]?????????????????
?????????????????????? [1; 1200]??????????
???? [ 3; 3]?????????
? 4.12?????????????????????Ai???????? Bi
?????????????????????A1??????????????
B1??????????????B2???????????????A2????
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4.4 ???????????????
?????????????????
? 4.2.2?????????? (? (4.5))?????????????????
?????????????? (? (4.12))????????????Bi????
???Ai????????????????????????????????
?????????????? Ai????????????????? Bi??
?????????????
????????????????????????????? (4.19)???
???????
mxt1 + c _xt1  
1
2


(xt1   xm1) + (xt1 + `  xm2)
	
= 0 (4.19)
????xm1?xm2????????????????????
???????????????????????????????????
???????
 ??????Runge-Kutta-Gill?
 ?????0.02 [s]
 ????xt1(0) = 0:5[m]; _xt1(0) = 0:0[m=s];
xm1(0) =  0:6[m]; _xm1(0) = 0:0[m=s];
xm2(0) = 0:6[m]; _xm2(0) = 0:0[m=s]
??????????????????? 4.6??????????
? 4.6: ????????????????
????? m = 1:0 [kg]
??????? ` = 1:0 [m]
???????????   =  22:0 [N/m]
???? c = 50 [Ns/m]
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4.5 ???????????????
4.5 ???????????????
?????? 4.4?????????????????????????
? 4.5.1??????????????????????? 4.5.2??????
???????????????????????????????????
4.5.1 ???????????
??????????????????????????????????
????
???????? 1??????????????????????????
 ?????
{ ???? : 6? (???A?B?C?D?E?F)
{ ???? : ???????? 5????????
 ?????
{ ???? : 3? 6? (???A?B?C?D?E? F???)
{ ???? : ?????????? 10????????
?? 5????????????????????????
???????? 5????????
???????????????
 ???? : ????????????? 20?????
20???????????????????????
???????????????????????????????????
?????????
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4.5 ???????????????
????
????????????????????????
1. ????2?????????????????????????????
???????????A????
2. 1????????????????????
?????????????????20???????????????
??????????????? 5????????
3. 2??????? 1????????????
4. ????????????????
? 4.13??????????????????????????????
???????????????? 2????????????????
??????????????????????????20??????
????????????
5. ?????????? 5????????????????????????
????????? 5????
? 4.13: ???????????????????
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4.5 ???????????????
4.5.2 ????
?????????????????????????????????? 4.3
?????????????????????????????????
??????????
???A??????B????????????????????????
? 4.14????????????????????????? 4.15???? 4.16
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(B)RMS = 5.0x10-2
? 4.14: ???A??????B??????????????
? 4.14???????? t[s]????????? B?????????A??
??? _xt? _xm???????????????????? _xt??????
???????????? _xm???????????RMS???? 4.3.3??
?????????????????????B???????A??????
RMS?????????
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4.5 ???????????????
-0.15
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(A)RMS = 2.4x10-2 ∆x.m
∆x. t  
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(B)RMS = 2.0x10-2
? 4.15: ???A??????B??????????????-1
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(A)RMS = 3.0x10-2 ∆x.m
∆x. t  
-0.15
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(B)RMS = 2.9x10-2
? 4.16: ???A??????B??????????????-2
? 4.15???? 4.16???????? t[s]?????????Bi??????
???Ai????? _xt? _xm???????????????????? _xt?
????????????????? _xm???????????RMS???
? 4.3.3???????????????????????Bi???????Ai
??????RMS?????????
?????????????????????????????????? 4.15
???? 4.16????????? (?????)?????A?B????????
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4.5 ???????????????
? 4.14?? 4.15?????????????????????????????
??????????????? 4.16???????????????????
????????????????????????????????????
???????????????????????????
???A?????? B????????????RMS?????????
4.7?????????A'?B'????????????????????????
? 4.7: ???A???B?????????RMS(10 2)
??? ???? ??
A/B 01 02 03 04 05 hRMSi
?????
A 2.4 2.9 3.8 5.5 3.5 3.62
B 4.9 4.9 5.8 5.0 6.1 5.34
?????
A 2.9 3.5 2.4 3.9 2.4 3.02
B 2.4 2.8 2.6 2.7 2.0 2.50
A' 3.0 2.5 1.7 2.8 2.2 2.44
B' 2.9 2.0 1.5 2.2 2.1 2.14
? 4.7??????A?B????????????????????????
?????????????????????????????????????
?????????????? A?B????? 2?????????????
??????????????????????????
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4.5 ???????????????
???A?B????????C??????D?????????????
??????????? 4.17???????????????????????
?? 4.18????
-0.05
 0
 0.05
Ve
lo
ci
ty
t
(C)RMS = 1.6x10-2 ∆x.m
∆x. t  
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(D)RMS = 9.1x10-3
? 4.17: ???C??????D??????????????
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(C)RMS = 1.0x10-2 ∆x.m
∆x. t  
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(D)RMS = 8.5x10-3
? 4.18: ???C??????D??????????????
? 4.17???? 4.18???????? t[s]?????????Bi??????
???Ai????? _xt? _xm???????????????????? _xt?
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4.5 ???????????????
????????????????? _xm???????????RMS???
? 4.3.3???????????????????????Bi???????Ai
??????RMS????????????????????????????
????????? 4.18?????????????
? 4.17???? 4.18??????C???????????????????
????????????????????????????D???????
?????????????
??? C??????D?????????????RMS????????
? 4.8?????????C'?D'?????????????????????
???
? 4.8: ???C???D?????????RMS(10 2)
??? ???? ??
C/D 01 02 03 04 05 hRMSi
?????
C 1.0 1.4 1.3 1.0 1.6 1.26
D 1.2 0.9 0.9 0.8 0.9 0.94
?????
C 1.0 1.6 1.3 1.0 0.9 1.16
D 1.0 1.4 1.1 0.9 0.8 1.04
C' 1.1 1.0 1.5 1.1 0.9 1.12
D' 0.9 0.8 1.0 0.8 1.0 0.90
? 4.8??????????????????C?D????????????
????????????????????????? A?B????????
??????????????????????????????????
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4.5 ???????????????
??? E?????? F????????????????????????
? 4.19???????????? 4.20????
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(E)RMS = 1.7x10-2 ∆x.m
∆x. t  
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(F)RMS = 1.6x10-2
? 4.19: ??? E?????? F??????????????
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(E)RMS = 1.0x10-2 ∆x.m
∆x. t  
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(F)RMS = 1.0x10-2
? 4.20: ??? E?????? F??????????????
? 4.19???? 4.20???????? t[s]?????????Bi??????
???Ai????? _xt? _xm???????????????????? _xt?
????????????????? _xm???????????RMS???
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4.5 ???????????????
? 4.3.3???????????????????????Bi???????Ai
??????RMS?????????
? 4.19???? 4.20??????E???????????????????
?? F????? 0  t  10????????????????????10 < t
???????????????????????????????
???????? E?????? F??????????????????
??? E?????? F???????????? RMS?????????
4.9?????????E'?F'????????????????????????
? 4.9: ???E??? F ?????????RMS(10 2)
??? ???? ??
E/F 01 02 03 04 05 hRMSi
?????
E 1.7 4.8 4.9 3.4 3.4 3.64
F 1.6 0.8 0.7 0.9 1.0 1.00
?????
E 1.4 0.9 1.7 1.6 2.0 1.52
F 1.8 1.3 1.4 1.7 2.9 1.82
E' 2.5 2.3 1.0 1.3 1.0 1.62
F' 3.5 3.7 1.0 1.9 1.0 1.68
? 4.9??????E????????????????????????F?
???????????????
??????E?F??????????????? 3???????????
???????????????????????????????????A?
B?????????????????????????????????
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4.5 ???????????????
??????????
???????????????????????? (4.15)????????
???????????A??????B???????????? 4.21???
? 4.22????
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4.5 ???????????????
? 4.21???? 4.22?????????????  [s]????????????
???RA????A??????? (??????)?RB????B?????
? (?????)????
? 4.21???? 4.22?????????????A??????  = 0:12[s]?
???????????????  = 0:18[s]??????????????B?
???????????  = 0:14[s]??????????????  = 0:12[s]?
??????????
???A??????B????????????????????? 4.10?
????????A'?B'????????????????????????
? 4.10: ???A???B??????????
??? ???? ??
A/B 01 02 03 04 05 h^i
?????
A 0.14 0.14 0.12 0.12 0.14 0.132
B 0.14 0.12 0.14 0.14 0.14 0.136
?????
A 0.18 0.16 0.16 0.14 0.16 0.152
B 0.12 0.12 0.12 0.14 0.12 0.124
A' 0.18 0.16 0.16 0.14 0.18 0.148
B' 0.12 0.14 0.14 0.14 0.14 0.136
? 4.10????????????????????? h^i = 0:132[s]?0:136[s]
???????????????????????A? h^i = 0:52[s]?0:48??
????????????????? B? h^i = 0:124[s]?0:136[s]??????
?????????????????
???????????????????????????????????
??????????????????????????
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4.5 ???????????????
???C?D??????E?F?????????????????????
4.11?????????C'?D'?E'?F'??????????????????
??????
? 4.11: ???C?D??? E?F??????????
??? ???? ??
C/D 01 02 03 04 05 h^i
?????
C 0.10 0.12 0.12 0.12 0.12 0.116
D 0.12 0.12 0.12 0.12 0.12 0.120
?????
C 0.14 0.10 0.12 0.12 0.10 0.116
D 0.12 0.14 0.12 0.16 0.16 0.128
C' 0.12 0.12 0.12 0.12 0.12 0.120
D' 0.18 0.16 0.16 0.16 0.16 0.164
??? ???? ??
E/F 01 02 03 04 05 h^i
?????
E 0.14 0.12 0.14 0.12 0.14 0.132
F 0.16 0.14 0.12 0.14 0.14 0.140
?????
E 0.12 0.14 0.14 0.14 0.12 0.132
F 0.18 0.20 0.18 0.16 0.16 0.176
E' 0.14 0.14 0.12 0.14 0.10 0.128
F' 0.16 0.18 0.16 0.20 0.18 0.176
? 4.11???? 4.10??????????????????????????
????????????????????????????????????
???????????????????????????????????
????????????????????????????????????
????????????????? 4.3??????????????????
???????????????????????????????????
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4.5 ???????????????
??????????????????
????????????RMS???????????????
 0.08
 0.12
 0.16
 0.2
 0  1  2  3  4  5  6  7
τ
Root mean squre (x10-2)
Single
Coupled
? 4.23: ????????RMS?????????? 
? 4.23??????????x???xi(i = 1; 2)? RSM???????
????  [s]??????????????????????????????
???????????????????????????????????
? 4.23????????????????RMS?????? 0:5 10 2[s]??
6:0 10 2[s]???????????????? 0:5 10 2[s]?? 4:0 10 2[s]?
??????????????????????????????????  ?
???????? 0:12[s]??? 0:14[s]???????????????????
0:12[s]?? 0:18[s]????????????????????????????
??????????????
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4.6 ???
4.6 ???
???????????????????????????????????
??????????????????????????????
? 4.2????? 3.2?????????????? 3.3??????????
?????????????????????????????????????
?????? 4.3????? 4.2??????????????????????
????????????????????????????????????
???????????????????????????? 4.4????? 4.3
????????????????????????????????????
????????????????? 4.5????? 4.4???????????
????????????????????????????????????
????????????????????????????????????
????
 ??????????????????????????????????
??????????????????????
 ??????????????????????????????????
??????????????????????????????????
??????????
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?5?
????????????
5.1 ????
? 4?????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
???????????????????????????????
? 5.2?????????????????????????????????
????????????????????????????????????
?????? 5.3????5.2????????????????????????
????????????????????????????????????
????
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5.2 ????????
5.2 ????????
???????????????????????????????????
?????????????????
? 5.2.1????????????????????????????????
?????????? 5.2.2???????????????? 5.2.3?????
????????????????????????
5.2.1 ??????
??????? 3.3???????????????????????????
????????????????????????????????
???????????????????????????????????
????????????????????????????????????
????????????????????????
????????????
?????????????????????????? 3.4????Ai??
???Bi?????????
uhi =  A(xi   xhi) B _xi; Ehi = 0 (i = 1; 2) (5.1)
????????xhi????Ai??????????????? xhi?????
????????????xi??? _xi????Ai????????????A?
??B?????????????????????????????????
????????????????????????
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5.2 ????????
????????????????
? (5.1)????????????????????????????????
??????????????????????????????
???????????????????????????????????
?????????????????????????????????????
? 5.1?????????s?????? ~vx????????? ~!?????
?????
? 5.1: ??????????
??????????????????F??????????????T
???????????
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5.2 ????????
??????????O??????????? r????????????
???????????????????? ~r??? ~v?
~r = r
"
sin 
cos 
#
; ~v = vx
"
1
0
#
+ r!
"
cos 
  sin 
#
(5.2)
??????~v?????????????????? c0~v??????????
c0 = s  cvis????cvis????????????????????????
???????? (5.2)??
F = c0(vx + r!cos)
= scvis(vx + r! cos )
(5.3)
???????????????????????????? ~X? ~Y ?????
??? ~X^~Y ??????????????????? (5.2)??
T = ~r ^ c0~v
= c0(~r ^ ~v)
= scvis
(5.4)
??????????? ~r? ~v???????
?????? 5.1?????????????????F ?????????
??T ??????
???????? S?????????????? F?T ????
F =
SX
i=0
F
=
Z S
0
cvis(vx + r! cos )ds
= cvisS(vx + r! cos )
(5.5)
T =
SX
i=0
T
=
Z S
0
cvisds
= cvisS
(5.6)
????
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5.2 ????????
???? 3.4??????????????????????????????
?????????????????????????????????????
?????????????? (3.11)???????????? (Xj; Yj)(j = 2; 4)
????????????????????? x???????? ?????
???x???????????? uvi(i = 1; 2)? ????????????
Evi(i = 1; 2)?????? (5.5)?? (5.6)??
uvi =  cvisr _Xj
=  cvisr( _xi + r _i cos i) (i; j) = (1; 2); (2; 4)
(5.7)
Evi =  cvisr(Xj _Yj   _XjYj)
=  cvisrf(x1 + r sin i)( r _i sin i)  ( _xi + r _i cos i)r cos ig
= cvisrf(x1 + r sin i)r _i sin i + ( _xi + r _i cos i)r cos ig
(i; j) = (1; 2); (2; 4)
(5.8)
???????????????????????? S = r????
?????? (5.1)?? (5.7)?? (5.8)??? 3.4??????????????
??? ui?Ei?
ui = uhi + uxi
=  A(xi   xhi) B _xi   cvisr( _xi + r _i cos i)
(5.9)
Ei = Ehi + Exi
=  cvisrf(x1 + r sin i)( r _i sin i)  ( _xi + r _i cos i)r cos ig
(5.10)
????
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5.2 ????????
?????????
? 3.3????????????????????? (5.1)??????????
? 5.2??????????????????
?????????????????????????????? 2????
????????????????????????????????????
????????????????????????????????????
???????????????????????????? xhi??????
? 5.2: ???????????????????????????
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5.2 ????????
???????
?????????????????? 5.3????
? 5.3: ??????????
????????????????????????? 400[pixcel]?? 1200[pix-
cel]???????????????????????????????????
????????????????????????????????????
???????????????????????
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5.2 ????????
?????????
??????????????????????????????
 ??????Runge-Kutta-Gill?
 ?????0.02 [s]
 ????x1(0) =  0:5[m]; _x1(0) = 0:0[m=s];
x2(0) = 0:5[m]; _x2(0) = 0:0[m=s];
1(0) = 0:0[rad]; _1(0) = 0:0[rad=s];
1(0) = 0:0[rad]; _1(0) = 0:0[rad=s]
?????????????????????????????? 5.1????
??????
? 5.1: ????????????????????
??A1?A2?????B1?B2??? m = 1:0 [kg]
??B1?B2??? r = 0:3 [m]
?????B1B2???? `0 = 1:0 [m]
?????B1B2??????? k` = 5 104 [N/m]
?????B1B2??????? c` = 5:0 [Ns/m]
x1?x2??????? cx = 0:0 [Ns/m]
1?2??????? c = 0:0 [Nms]
???? cvis = 0:5 [Ns/m2]
????? g = 9:8 [m/s2]
????? A = 5:0 104
????? B = 250
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5.2 ????????
5.2.2 ????????
???????????????????????????????????
?????????????? 4.3.3?????????????????????
?????? 2?????????????????????????????
??????????????????????
???????
???????????????????????????????????
? 4.3.3????????????RMS??????
???????????????????????xi???? 5.4????
?????Ai???Bi?????????????
xi = r sin i (i = 1; 2) (5.11)
???????
? 5.4: ??????????
????????????RMS?????????????????????
??????????????????????????????
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5.2 ????????
???????
???????????????????????????????????
? 4.3.3???????????????????????? (4.15)??????
????????????????????????????????????
?????????????????
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5.2 ????????
5.2.3 ????????
???????????????????????????????????
???????? [39]?
???????????????????????????????????
? Semantic Dierential? (SD?)?????????????????????
????????????????????????????????????
????????????????????????????????????
??????????????????????????????SD?????
??????????????????????????????????SD?
??????????????????
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5.2 ????????
SD???????????SD????????C.E. Osgood???????
(? 76??)[40]???????? (14??)????? 90??????????
????????????????????????????????????
?????????? 15????????????????? 5.2????
? 5.2: ????????????????
?????????????? ??????????????
1 ??? | ???? 16 ??? | ????
2 ?????? | ???? 17 ?????? | ????
3 ?? | ?? 18 ?? | ??
4 ??? | ??? 19 ??? | ???
5 ????? | ?????? 20 ????? | ??????
6 ??? | ??? 21 ??? | ???
7 ??? | ??? 22 ??? | ???
8 ?? | ?? 23 ?? | ??
9 ?? | ??? 24 ?? | ???
10 ?? | ?? 25 ?? | ??
11 ???? | ?????? 26 ???? | ??????
12 ??? | ??? 27 ??? | ???
13 ????? | ??????? 28 ????? |???????
14 ????? | ?????? 29 ????? | ??????
15 ??? | ??? 30 ??? | ???
???????????????????????????????????
?????????????????????????????No:1?15???
?????????????No:16?30??????????????????
???????? 1??????????? 6????????????????
???????D????
???????????????????????????????????
???????????????????
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5.3 ????????????????????
5.3 ????????????????????
?????? 5.2.1???????????????????????????
?????????????????
? 5.3.1??????????????????????? 5.3.2??????
???????? 5.3.3??????????????
5.3.1 ???????????
??????????????????????????????????
????
?????????????????????????????????
 ???? : ??? 20?????? 10?
 ??????? : 45??
2?1??????????????????????????????
 ???? : 20??
20???????????????????????
 ???? : ?????????? 10?????
?? 5????????????????????????????
???? 5????????
 ?????????????? : ?????
???????????????????????????????
???????????????????????????????
?????????????
???????????????????????????????????
????????
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5.3 ????????????????????
????
????????????????????????
1. ????2?????????????????????????????
???????????B????
2. ?????????????????20????????????????
??????????????????
3. ????????? 5??????
? 5.5??????????????????????????????
????????????????????????????????
20???????????????????????????
4. ????????????????????????? 5????
5. ??????????????????????????????
? 5.5: ????????????????????????
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5.3 ????????????????????
5.3.2 ?????????????
???????????????????????????????????
??????????????????????????????????? 2?
??????????????????? [41]?
????????????????
???????????????????????????????????
????????? 5.3????
? 5.3: ???????????????????
???????????????
????????RMS
???????
???????
???????
1 ??? | ???? 0.398 -0.119
2 ?????? | ???? 0.503 -0.134
3 ?? | ?? -0.013 0.129
4 ??? | ??? -0.439 0.294
5 ????? | ?????? 0.330 -0.155
6 ??? | ??? -0.292 0.322
7 ??? | ??? 0.382 0.027
8 ?? | ?? 0.336 -0.094
9 ?? | ??? 0.532 -0.184
10 ?? | ?? 0.431 -0.204
11 ???? | ?????? -0.019 0.174
12 ??? | ??? -0.276 0.166
13 ????? | ??????? 0.291 -0.130
14 ????? | ?????? 0.335 -0.088
15 ??? | ??? 0.227 0.016
? 5.3????????????????????????
? 5.3?????????????RMS?????????????????
?2???????|??????9???|???????????????2??
?????|??????????????????????????????
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5.3 ????????????????????
??????????????????9???|??????????????
?????????????????????????
??????????????? RMS??????????????????
??????????????RMS????????????????????
???????????????????????????
???????????????????????????????4????|
?????6????|?????????????????4????|????
????????????????????????????????????
????????6????|???????????????????????
??????????6????|??????????????????????
???????????????????????????????????
????????????????????????????????????
?????????????????????????
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5.3 ????????????????????
????????????????
???????????????????????????????????
????????? 5.4????
? 5.4: ???????????????????
???????????????
????????RMS
???????
???????
???????
16 ??? | ???? 0.149 0.061
17 ?????? | ???? 0.577 -0.054
18 ?? | ?? 0.316 0.053
19 ??? | ??? -0.474 -0.053
20 ????? | ?????? 0.483 -0.031
21 ??? | ??? -0.270 0.158
22 ??? | ??? 0.230 -0.117
23 ?? | ?? 0.509 -0.106
24 ?? | ??? 0.684 -0.064
25 ?? | ?? 0.565 -0.030
26 ???? | ?????? -0.032 -0.023
27 ??? | ??? -0.595 -0.005
28 ????? | ??????? 0.593 -0.060
29 ????? | ?????? 0.514 -0.113
30 ??? | ??? 0.303 -0.042
? 5.4????????????????????????
? 5.4????????????? RMS?? 17???????|??????
?24???|?????28??????|???????????????????
?27????|?????????????17???????|????????
?????????????????????????????????????
?24???|???????????????????????????????
????????28??????|?????????????????????
?????????????????????????????????????
?????????????????????????????????28??
????|???????????????????????????27???
?|??????????????????????????????????
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5.3 ????????????????????
????????????
???????????????RMS??????????????????
??????????????????????????????RMS????
????????????????????????????????????
????????????????????RMS??????????????
??????????????????????????????
???????????????????????????????????
????????????????????????????????????
???????????????????
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5.3 ????????????????????
????????
???????????????????????????????????
????????????????????????????????????
????
 ??????????RMS?????????????????
 ??????????RMS??????????????????????
???????
 ???????????????????
????????????????????????????????????
????????????????????????????????????
? 5.5??????
? 5.5: ???????????
???????RMS ??????
???
???????
????????? ??????????
??
?
???????
??????????????
???????
|
?
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5.3 ????????????????????
5.3.3 ?????????????
???????????????????????????????????
????????????????????????????????????
?????????????????????????????? [42]?????
????????????????????????? SD??????????
???????????????????????????????
???????? 5.2? 30???????????????? 5.6?????
?? 6?????????????
? 5.6: ????????????
?????????????? ??????????????
1 ??? | ???? 16 ??? | ????
2 ?????? | ???? 17 ?????? | ????
3 ?? | ?? 18 ?? | ??
4 ??? | ??? 19 ??? | ???
5 ????? | ?????? 20 ????? | ??????
6 ??? | ??? 21 ??? | ???
???????????????R?[43]?????????????????
????????????????????????????????????
????????????? 1??????????4????????????
????????????????
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5.3 ????????????????????
??????
???????????????????????????????????
?????????????? 5.6????
(a) ? 1??-? 2?? (b) ? 3??-? 4??
? 5.6: ??????
? 5.6(a)?? 1???? 2?????????????????? 1?????
?? 2??????? 5.6(b)?? 3???? 4????????????????
?? 3??????? 4??????????????????????????
???????????????????????? 5.6???????????
????????????????????????????????????
??? 5.7????????
? 5.7: ???????????
????????????? ?????????????
31 ??????????RMS 33 ??????????RMS
32 ????????? 34 ?????????
86
5.3 ????????????????????
?????
? 5.7?? 1???? 2?????????????????? 1??????
? 2??????
? 5.7: ????? : ? 1??|? 2??
? 5.7?? 1?????????I????????????????????2?
??????|??????5??????|????????????????
????17???????|?????? 20??????|?????????
???????????????? 1???????????????????
??????????? 1?????????????????? 1?????
????????????????????????????????????
????????????????????????????????????
?????????? 1??????????????????????????
1???????????????????????????RMS??????
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5.3 ????????????????????
????????????????????????????????????
???????????????
? 5.7?? 2?????????II??????????31?????????
??RMS??33???????????RMS????????????????
?? 2????????????????????????????? 2???
??????????????? 2????????????????????
????RMS??????????????????????? 2??????
????????????????????????????????????
???????III?????????????6????|??????????
?????? 2?????????????????????????????
????????????????????????????????????
????????????????????????RMS??????????
????????????????????????????????RMS??
????????????????????????????21????|??
???????????????
88
5.3 ????????????????????
? 5.8?? 3???? 4?????????????????? 3??????
? 4??????
? 5.8: ????? : ? 3??|? 4??
? 5.8?? 3?????????IV?V??????????????32??
?????????? 34?????????????????????????
????? 3????????????????????? 3????????
????????????????????????????????????
??????????????????? 3?????????????????
????????????????????????????????????
??????????????????????????? 3????????
????????????????????????????????????
?????VI?????????????4????|?????6????|?
??????????????? 3?????????????????????
????????????????????????????????????
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5.3 ????????????????????
???????????????????19????|????? 21????|
?????????????????
? 5.8?? 4?????????VII????????????????21??
????????19?????????????????????????? 4?
???????????????????????????? 4???????
??????????? 4????????????????????????
?????????????????????????????????????
? 4??????????????????????????? 4??????
???????????????????? 4????????????????
???????????RMS???????????????????????
??????????????????????????????????
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5.3 ????????????????????
????????
???????????????????????????????????
????????????????????????????????????
????
???????????????????????????????
 ??????????????????????????????????
????????????????????????????????
 ??????????????????????????????????
??????????????????????????????????
???? 4.5??????????????????????
???????????????????????????????????
?? 1???????????? 2???????????? 3????????
?????? 4??????????????????????
?????? 1???? 4?????????????? 2???? 3????
????????????????????????????????????
??????
 ? 2?????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
???????????????????????????????????
 ? 3????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
????????????????????
????? 1???? 4????????????????????????
????????
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5.4 ???
5.4 ???
???????????????????????????????????
??????????????????????
? 5.2?????????????????????????????????
????????????????????????????????????
?????? 5.3????? 5.2??????????????????????
????????????????????????????????????
???????
?????????????????????????????????????
 ??????????RMS?????????????????
 ??????????RMS??????????????????????
???????
 ???????????????????
????????????????????????????????????
??????????????????????????????
?????????????????????????????????
 ??????????????????????????????????
????????????????????????????????
 ??????????????????????????????????
??????????????????????????????????
???? 4.5???????????????????
???????????????????????????????????
????????? 1???????????? 2???????????? 3?
????????????? 4??????????????????????
?????? 1???? 4?????????????? 2???? 3????
????????????????????????????????????
??????
 ? 2?????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
???????????????????????????????????
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5.4 ???
 ? 3????????????????????????????????
??????????????????????????????????
??????????????????????????????????
??????????????????????????????????
????????????????????
????? 1???? 4?????????????????????????
???????
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?6?
???????????????
6.1 ????
?????? 3????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????
? 6.2????? 3.3??????????????????????????
????????????????????????????????????
????????????????????? 6.3??????????????
????????????????????????????????????
6.4???????????????????????????????????
???????????????????????????? 6.5???????
??????????????????????????
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6.2 ??????????????
6.2 ??????????????
???????????????????????????????????
????????????????????????????????????
??????????
? 6.2.1?????????????????? 6.2.2???????????
???????????????????????
6.2.1 ??????
?????????????????????????????????? 0
?????????????????????????????????? 6.1?
???
? 6.1: ????????
? 6.1?????? t??????????????????????????
+Q? Q???????????????????? 0??????
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6.2 ??????????????
6.2.2 ?????????????
???????????????????????????????????
????????????????????? 3.4???A2B2??????A1B1
????????????i = 0?????????????????i = ?
???????????????????? (3.9)??????????????
4???????? (1; 2)????????????8>>>>><>>>>>:
(1; 2) = (0; 0)   ???? (draw)
(1; 2) = (0; )   ?? (lose)
(1; 2) = (; 0)   ?? (win)
(1; 2) = (; )   ??? (scramble)
(6.1)
????????????????????????????? 6.1??????
? 6.1: ???????????????
?? (??A2B2)
?? (2 = 0) ?? (2 = )
?
?
(?
?
A
1
B
1
) ?
?
(
1
=
0)
???? (draw) ?? (lose)
?
?
(
1
=

)
?? (win) ??? (scramble)
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6.2 ??????????????
???????????????????????????????????
(6.2)???????????????????A2B2????? u2??????
? (t1;t2)??????
u2 = u
pd
2 + (t1;t2) (6.2)
????????????????????????????????????
????? 0???????????????
(t1;t2) =
8>><>>:
Q (0  t  t1)
 Q (t1 < t  t1 + t2)
0 (t < 0; t1 + t2 < t)
(6.3)
??????????????? 6.2????
? 6.2: ?????????????
? 6.2?????? t?????????????????????Q???
(t1;t2)??????????t1? 1??????????????t2? 2????
??????????????? t1???? (t1;t2) = Q?? (t1;t2) =  Q???
???? t1 + t2? (t1;t2) = 0?????? t1?t2??????????? (t1; t2)
????????????????????????????(Q; t1; t2)????
????????????
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6.3 ?????????????
6.3 ?????????????
?????????1((1; 2) = (0; 0))???????????????? (t1; t2)
?????????????????????? (t1; t2)??????????
i(i = 1; 2; 3; 4)???????????
?6.3.1?????????????????????6.3.2??????? (t1; t2)
????????????????????????????????????
???
6.3.1 ????????????
????????????????
 ??????Runge-Kutta-Gill?
 ?????0:02[s]
 ???????????K = 100?L = 10
 ??????????Q = 60[N]
??????????????????????????? 3.5??????
???????? (t1; t2)?????? 0:0  t1  2:0?0:0  t2  2:0???
????????????? 4:0  10 3[s]?????????????????
??x1(0) = 0:0[m]?x2(0) = 1:0[m]? _x1 = _x2 = 0:0[m=s]?1 = 2 = 0:0[rad]?
_1 = _2 = 0:0[rad=s]????
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6.3 ?????????????
6.3.2 ?????
??????????? (t1; t2)?????????????????????
????????????????????? 6.3?????????????
(3.9)???? 4???????? i (i = 1; 2; 3; 4)??????????????
(t1; t2)???????
 0
 0.5
 1
 1.5
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 0  0.5  1  1.5  2t1
t 2
0
0
0
0
0
pi
pi pi
−pi
−pi
−pi
−pi
−pi
−2pi
−2pi
−2pi
−2pi
−3pi
−3pi
? 6.3: ???? 1?? i(i = 1; 2; 3; 4)???????
? 6.3???? 1????????????? t1???? 2?????????
???? t2???????????????? [0:0; 2:0] [0:0; 2:0]??????
500 500????????????????????????????????
?????? 3.6????????????? 4??????????????
1((1; 2) = (0; 0))??????????????? 2((1; 2) = (0; ))???
???????????? 3((1; 2) = (; 0))???????????????
4((1; 2) = (; ))????????????????????????????
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6.3 ?????????????
????? (t1; t2)????????????? (t1; t2)????????????
?? (t1; t2)????????????????? (t1; t2)???????????
??????????????????? (??A2B2)??????? 2???
?????????????? 2 = 0???????????????????
????????????????????? 2 =  2???????????
?????? 1??????????????????
? 6.3??????? (t1; t2)????????? 1?????? 3?????
?????????????????????????????? (??)???
??????? (t1; t2)???????? 6.3????????????? (???
????????)???????????
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6.3 ?????????????
? 6.4??? 6.3?????????????????????
 0
 0.5
 1
 1.5
 2
 0  0.5  1  1.5  2t1
t 2
A
B
C
D
? 6.4: ???? 1?? 3???????
? 6.4????????????t1??????????A?B?C?D?????
??A???D???? (??A2B2)?????????? (2 = 0)??????
??????????????D??? (??A2B2)????? 1?? (2 =  2)
????????????????????? B???? (?? A2B2)????
?????????1?????????????????
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6.4 ???????????????
6.4 ???????????????
? 6.3?????????????????????????????????
????????????????????????????????????
?????????
? 6.4.1????????????????????????????????
??????????????????? 6.4.2???????????????
????????????? 6.4.3?????????????????????
???????????????
????????????????????????????????? 2?
???????
 ????????? (t1; t2)? 2????????????????????
?????????????
 ??????????????????????????????????
???????
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6.4 ???????????????
6.4.1 ??????
????????????????????????????????????
???????? 6.5????????????????????????????
????????????????????????????????????
?????????????????????????
? 6.5: ?????????
?????????????????????????2:010 2[s]??????
??????????????? 61[Hz](1:6410 2[s])????????????
?????????????????????????????????????
????????????????????????
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6.4 ???????????????
? 6.6???????????????
? 6.6: ?????????????????
??????????? 600[pixcel]?? 1200[pixcel]????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
?????????
??????????????????????? 6.3.1???????????
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6.4 ???????????????
6.4.2 ????????????
? 6.4.1????????????????????????????????
???????????? 1((1; 2) = (0; 0))????????????????
??? 3((1; 2) = (; 0))?????????????????????
??????????????????
 ?????????????? 20??? 6?
 ????????????? 100?/?? 5?????????? 500???
????
???????????????????????????????????
????? 1????????????? 5????????????
 ??????????????????????????????
 ???????????????????A2B2
 ??????? 1(?????(1; 2) = (0; 0))
 ??????? 3(???(1; 2) = (; 0))
 ?????????? 100?/1?? 5???????
??????????????C?????????????????????
????????????????????????????????????
?????????????????????
????? 1?????????????????????????????
????????????????????
1. ???????????????????????????????? A2
B2????? u2??????? (t1;t2)???? (?? t = 0)?
2. ????????????????????????? (?? t = t1)?
3. ?????????????????? (t1;t2) = 0??? (?? t = t1+ t2)?
?????????????? (3.9)? 4??????????????? 1??
????????????????????????????????????
??? t1??????????????????? t2????????????
?????????????????????????????????????
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6.4 ???????????????
6.4.3 ????
? 6.4.1????????????????????????????????
? (t1; t2)????????????????????????????????
????????????????????????????????????
???????????????????
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6.4 ???????????????
? 6.7???? S1???????????????????? 6.7(a)? 1???
(b)? 2???(c)? 3???(d)? 4???(e)? 5??????????????
??????Ps?????????????????????????????
???????
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6.4 ???????????????
1?? (? 6.7(a))??????????? R1???????????????
???????????????????????Ps = 0:25?????????
?????????? S1?????????????????????? 6.4?
??????????? (???)?????????????Ps???????
?????R1?? 6.4???B????????
2?? (? 6.7(b))??????????? R2? R3????????????
?????????????Ps = 0:72????1???????????????
? 6.4????????????????????????????R2???R3
?? 6.4???B????????1????????????????????
?????1??? R1????????R2? R3???? 2?????????
???????????
3?? (? 6.7(c))??????????? R4? R5????????????
?????R6???????????????????????????????
Ps = 0:85????2????????????? 6.4????????????
????????????????R4???R5?? 6.4??? B??????
????R6?? 6.4???A????????2?????????2???R2
???????R4????????????????????????2???
R3????????????????? R5????????????????
???????R6????????????????????
4?? (? 6.7(d))??????????? R7? R8????????????
?????????????Ps = 0:86????3???????????? 6.4?
???????????????????????????R7???R8?? 6.4
???B????????3?????????3???R4???R5?????
??????R7?R8??????????????????????????
??????R6????????????????????????????
5?? (? 6.7(e))???????????R9?R10????????????
?????????????Ps = 0:80????4????????????? 6.4
????????????????????????????R9???R10??
6.4???B????????4?????????4???R7???R8???
?????????R9?R10???????????????????????
?????
???????? S1??????????????????????????
??????????????????????????????? Ps????
????????????????????????????????????
???????????????????????????????????
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6.4 ???????????????
? 6.8???? S2???????????????????? 6.8(a)? 1???
(b)? 2???(c)? 3???(d)? 4???(e)? 5??????????????
?????? Ps????????????????????
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?????????? E????
134
7.2 ???????
7.2.2 ?????????
? 7.2.1?????????????????????????????????
?????????????? Umech???????????????????
????????????????????????? M()????????
?????????????????? F ?????????? ??????
???? (7.1)????????????
M() = F sin  (7.1)
??????????????? Umech?? 7.3????
-0.02
0
0.02
0.04
0.06
0.08
0.10
-pi 0 piθ [rad]
U m
e
ch
Umech
? 7.3: ??????????????
? 7.3??????????????????   0???????????
?? ( = 0)?????? ( = )????????????????????
???????????????????????????? PD??????
????????????????????????
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7.2 ???????
7.2.3 ??????????
? 7.2.1?????????????????????????? 7.4????
????????????????????????????????????
??????
? 7.4: ??????????????????????
???????A????B????????? r?????????G???
????x????????????????????????Fx??????
????F???????????????????
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7.2 ???????
? 7.1???????????????????????
? 7.1: ??????????????????
md [kg] ??A???
ms [kg] ??B???
r [m] ??B???
g [m/s2] ?????
Fx [N] x??????
F [N  m] ??????????
x [m] ??A???
 [rad] ??B??????????
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7.2 ???????
7.2.4 ??????????????
? 7.4??????????????????????????????
q = (x; )T 2 R2 (7.2)
?????????
F = (Fx; F)
T 2 R2 (7.3)
???????????????? T ?????????????? U ?
T =
1
2
(md +ms) _x
2 +
msr
2
cos   _x _ + msr
2
8
_2 +
I
2
_2 (7.4)
U =
1
2
msgr cos  (7.5)
????????I??????????????
I =
mr2
12
(7.6)
??????????? Fx? x??????Dx?F? ??????  ???
?D??
Fx =  Dx; F =    D (7.7)
???????Dx?D????????A????????????????
??????
Dx = cx _x+ xsgn _x; D = c _ + sgn _ (7.8)
????cx?c????????x???????????sgn _x?sgn _???
??????
??? T?U?Fq (q = x; )????????????? (? (3.5))?????
???????????????????????????????8>>><>>>:
(md +ms)x+
msr
2
cos      msr
2
sin   _2 + cx _x+ xsgn _x = 0;
msr
2
cos   x+

msr
2
4
+ I

   1
2
msgr sin  +  + c _ + sgn _ = 0
(7.9)
138
7.2 ???????
7.2.5 ?????????????
??????????
?? E????????????????????????????????
???????????????
??????????????????????????????? (A2017)?
????????????? (S45C)????????????????????
????????????????????????????????????
????? 7.2????
? 7.2: ?????????????????
??A??? md = 0:16 [kg]
??B??? ms = 6; 78 10 3 [kg]
??B??? r = 0:124 [m]
??B???????? I = 8:69 10 6 [kg m2]
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7.2 ???????
????????
???????????????????????????????????
??????
?????????????????  ??P?Q?????????
 = () := P sin 2 +Q sin 4 (7.10)
????????????????? 7.4??????????????? ()?
() =  msgr sin  + 
=  msgr sin  + P sin 2 +Q sin 4
(7.11)
?????
? 7.3?????????????????????????????????
?????????????????? 7.3?     0??????????
(7.11)????????????????????P?Q???????????
P = 7:801 10 2
Q = 2:264 10 2
(7.12)
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7.2 ???????
????????? P?Q???????? (7.11)????????????
?????????????????? 7.5????
-0.02
0
0.02
0.04
0.06
0.08
0.10
-pi 0 piθ [rad]
U m
e
ch
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U m
o
de
l
Umech
Umodel
? 7.5: ???????????????????????
? 7.5???????????????????????????? ???
???????????????? Umodel?????????????????
Umech?????????? (7.11)???????????Umodel???????
??? 7.3??????? Umech????
? 7.5????????? Umodel??? Umech?????  = 0???????
Umodel?????  = ?????????????????????????
????  = 0????????????????????????????
?????????     ????????????????
? 7.5???????? (7.10)??????????????????????
????????????????????????????????????
???????????
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7.2 ???????
????????????????????
???????????????????????????????????
????????????
????????????????????????????????? (???
??????????????GE60/W)??????????????????
???2????????? (????Move-tr/2D 7.0)????????????
????????????????(0) = =6[rad]?x(0) = 0[m]? _x(0) = 0[m/s]?
_(0) = 0[rad/s]????
???????????????????? (7.9)?????????????
?????? cx?c ??????????? x? ????????? 7.3?
???
? 7.3: ?????????????????
x????????? 0:125 [Ns/m]
????????? 2:5 10 4 [Nms]
x??????????? 0:01
??????????? 2 10 3
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7.2 ???????
???????????????????????????????????
?????????? 7.6????
0
0.06
0.12
x 
[m
]
Mechanism
Model
-pi/6
0
pi/6
0 1 2 3 4 5
x 
[m
]
t [s]
θ 
[ra
d]
Mechanism
Model
? 7.6: ?????????????????????? x???????? ?
????
?????????????? t[s]?????????????? x[m]????
?????? [rad]??????????????????? x???????
????? ????????????????????????? x????
???????? ???????????????? x????????? ?
????????????? (??)????? (??)??????????
??????????????????????????????????
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7.3 ??????????
7.3 ??????????
?????? 7.2.1???????????????????????????
????????????????????????????????
? 7.3.1????????????????????????????????
?????????????????? 7.3.2????????????????
????????????????????????????????????
??????????????
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7.3 ??????????
7.3.1 ????????????
? 3.3?????????????????????????????????
?????????????????????????????? 7.2?????
????????????????????????????????????
??????? 7.7???????????????????????????
? 7.7: ?????????
? 7.7?????????????????????????? 2??????
????????????????????????????????????
?????????????????????????2???????????
????????? 4??????????????????????????
?????? (3.9)???????????????????????
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7.3 ??????????
7.3.2 ???????????????
?????? 7.3.1????????????????????? (3.9)???
????????????????????????????????????
????????
??????????????????? x1?x2???????? 1?2???
???? i(0) = 0i?x1(0) = _xi(0) = _i(0) = 0 (i = 1; 2)???????????
???????????????????????????? 5 10 4[m]???
??????????????????? 0:32[m]????
???? i(0)???? [ ; ]  [ ; ]?????? 36  36???????
??????? =360[rad]?????????????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
? 7.8: ?????????????
? 7.8??3636 = 1296???????????????? 7.8???????
? 1(0)???????? 2(0)???????????????????????
?????? 3.3?????????????? 4??????????????
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7.3 ??????????
(1; 2) = (0; 0)??????????????? (1; 2) = (0; )???????
???????? (1; 2) = (; 0)??????????????? (1; 2) = (; )
????????????
? 7.8? 4???????????????????????????????
??? 4????????????????????????????????
???????(1; 2)  (=2;=2); (=2;=2)????????????
???? 4????????????????????????????????
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7.4 ???????????????
7.4 ???????????????
?????????????????????????? 7.3????????
????????????????????????????????????
????????????????????????
? 7.4.1???????????????????????? 7.4.2?????
7.4.1??????????????????????? 7.4.3?????????
?????????????? 7.4.4????????????????????
????????????????????????????????????
????
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7.4 ???????????????
7.4.1 ???????????????
? 7.7????????????????????????? (DAE)?????
? 3.3?????????????????????? `0 ??????????
????????????????DAE?????????????????
? 7.9??????????????? 7.7????????????????
????
? 7.9: ???????????????
???????? 7.4???????????? 2?A1B1?A2B2?????
????????B1B2???????????G1?G2???????G3???
?????????x1?x2?????????1?2????????????
???Fxi (i = 1; 2)? xi???????Fi (i = 1; 2)? i??????????
??????????????????????????
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7.4 ???????????????
? 7.4?????????????????????????
? 7.4: ???????????????????? (i = 1; 2)
md [kg] ??Ai???
ms [kg] ??Bi???
m` [kg] ????B1B2???
r [m] ??Bi???
` [m] ????B1B2???
cx [Ns/m] xi???????
c [Nms] i???????
k` [N/m] ???B1B2???????
c` [Ns/m] ???B1B2?????????
g [m/s2] ?????
Fxi [N] xi??????
Fi [N m] i??????????
xi [m] ??Ai???
i [rad] ??AiBi??????????
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7.4 ???????????????
7.4.2 ????????
? 7.9?????????????????????
??????
q = (x1; 1; x2; 2)
T 2 R4 (7.13)
?????????
F = (Fx1 ; F1 ; Fx2 ; F2)
T 2 R4 (7.14)
????????????????? T ?
T =
1
2
(md +ms)
 
_x21 + _x
2
2

+
msr
2
8

_21 +
_22

+
msr
2

cos 1  _x1 _1 + cos 2  _x2 _2

+
1
2

I1 _
2
1 + I2
_22 + I`R
2
 (7.15)
???????????? U ?
U =
(ms +m`)gr
2
(cos 1 + cos 2) +
k`
2
(`  `0)2 (7.16)
????????I1?I2????????????I`?????????????
???
I1 = I2 =
mr2
12
; I` =
m`2
12
(7.17)
??????????????????????????????????
D` =
c`
2

d(`  `0)
dt
2
(7.18)
??????? Fxi??? (7.7)?? (7.8)????
Fx = Fxi ; F = Fi ; Dx = Dxi ; D = Di (i = 1; 2) (7.19)
?????????
???? (7.15)?? (7.19)????????????? (? (3.5))??????
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7.4 ???????????????
?????????????????????8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
M1x1 +M31 +M2x2 +M62 + cx _x1 + x1sgn _x1
 msr
2
2
sin 1  _21  
m`r
4

sin 1  _21   sin 2  _22

+
1
2

d
dt

I`
@R
@ _x1

+
@RI`
@x1

+
k`
2
 @(`  `0)
2
@x1
+
c`
2
 @(`
0)2
@ _x1
= 0;
M3x1 +M71 +M5x2 +M92 + c _1 + 1sgn
_1
+
m`r
2
4
sin (1   2)  _21 +msgr sin 1 + 1
+
1
2

d
dt

I`
@R
@ _1

+
@RI`
@1

+
k`
2
 @(`  `0)
2
@1
+
c`
2
 @(`
0)2
@ _1
= 0;
M2x1 +M51 +M1x2 +M42 + cx _x2 + x2sgn _x2
 msr
2
2
sin 2  _22  
m`r
4

sin 2  _22   sin 1  _21

+
1
2

d
dt

I`
@R
@ _x2

+
@RI`
@x2

+
k`
2
 @(`  `0)
2
@x2
+
c`
2
 @(`
0)2
@ _x2
= 0;
M6x1 +M91 +M4x2 +M82 + c _2 + 2sgn
_2
 m`r
2
4
sin (1   2)  _22 +msgr sin 2 + 2
+
1
2

d
dt

I`
@R
@ _2

+
@RI`
@2

+
k`
2
 @(`  `0)
2
@2
+
c`
2
 @(`
0)2
@ _2
= 0
(7.20)
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7.4 ???????????????
???8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
`0 =
dl
dt
; I1 = I2 =
msr
2
12
; I` =
m``
2
12
;
R =
A( _x1   _x2) +B _1   C _2
`2
;
M1 =
4md + 4ms +m`
4
+
A2
`4
I`; M2 =
m`
4
  A
2
`4
I`;
M3 =
(2ms +m`)r cos 1
4
+
AB
`4
I`;
M4 =
(2ms +m`)r cos 2
4
+
AC
`4
I`;
M5 =
m`r cos 1
4
  AB
`4
I`; M6 =
m`r cos 2
4
  AC
`4
I`;
M7 =
(ms +m`)r
2
4
+ I1 +
B2
`4
I`;
M8 =
(ms +m`)r
2
4
+ I2 +
C2
`4
I`;
M9 =
m`r
2 cos(1   2)
4
  BC
`4
I`
???8>>>>>><>>>>>>:
A = X; B = r(X sin 1 +Y 1);
C = r(X sin 2 +Y 2);
X = x2   x1 + r(sin 2   sin 1);
Y = r(cos 2   cos 1)
????
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7.4 ???????????????
7.4.3 ?????????????
???????????????????????????????????
?????????????????????????????????????
????????? 7.2.5??????????????????????????
?? E????????????????????????????????
???????????????????
????????????????????????????? (A2017)??
????????????????????????????????????
????????????????????????????????????
???????????????? 7.5????
? 7.5: ???????????????????
??Ai??? md = 0:16 [kg]
??AiBi??? ms = 6; 78 10 3 [kg]
??AiBi??? r = 0:124 [m]
???B1B2??? m` = 3:437 10 2 [kg]
???B1B2??? ` = 0:32 [m]
??AiBi???????? Ii = 8:69 10 6 [kg m2]
???B1B2???????? I` = 2:93 10 4 [kg m2]
?????????????????B1B2????????????????
???????????
? 7.6: ???????????????????
???B1B2??????? k` = 5 104 [N/m]
???B1B2????????? c` = 5 [Ns/m]
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7.4 ???????????????
7.4.4 ???????????
?????? 7.4.2???????????????????????????
????????????????????????????????????
???????????????????
???????????????? 3.4.2?????????????????
???? 7.2.5????? 7.4.3??????????????????????
??????????????????????? 7.10????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
? 7.10: ?????????
?7.10??????A1B1?????1(0)??????A2B2????2(0)??
????????????? [ ; ] [ ; ]?????? 500500??????
????????????????x1(0) = 0[m]? _xi(0) = 0[m/s]? _i(0) = 0[rad/s]
(i = 1; 2)??????????????????? 3.3????????????
?? 4?????????????? 1((1; 2) = (0; 0))???????????
???? 2((1; 2) = (0; ))??????????????? 3((1; 2) = (; 0))
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7.4 ???????????????
??????????????? 4((1; 2) = (; ))????????????
? 7.10? 4?????????????????????? 4???????
????????????????????????????????(1; 2) 
(=2;=2); (=2;=2)???????????????? 4??????
??????????????????????????
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7.4 ???????????????
7.4.5 ?????????
?????? 7.3.2???????????????????? 7.4.4????
??????????????????????????????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????
???
? 7.11??? 7.8??????? 7.10??????????????????
??????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
A
B
C
D
E
F
(a)?????????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
A
B
C
D
E
F
(b)?????
? 7.11: ??????????????????????????
? 7.11???????????????
 ???? (1(0); 2(0))?????4???? i (i = 1; 2; 3; 4)??????
?????
 (1(0); 2(0))  (=2;=2); (=2;=2)??????????????
???? 4????????????????????????
 (1(0); 2(0))  (0; 0)?(0;)?(; 0)?(;)?(;)??????
???????????????????????????
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7.4 ???????????????
 ?? [=4; 3=4] [ 3=4; =4]? [ 3=4; =4] [=4; 3=4](?????
?????A???B)???????????????????????
?????????? 7.11(a)?? 7.11(b)????????
 ?? [3=8; 5=8] [3=8; 5=8]? [ 5=8; 3=8] [ 5=8; 3=8](???
???????C???D)???????????????????
 ?? [ =4; 3=8] [=4; 5=8]? [ 5=8; =4] [ 3=8; =4](?????
??? E??? F)?????????????????????????
???????????
?????????? 7.7??????????? 7.9????????????
???????????????? (7.20)?????????????????
????????????????
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7.4 ???????????????
???
???????????????????????????????????
?????????????????? 7.12????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
A
B
C
D
E
F
(a)?????????
-pi
 0
pi
-pi  0 piθ1(0)
θ 2
(0)
A
B
C
D
E
F
(b)?????
? 7.12: ??????????????????????????
? 7.12???????????????
 ?? [=4; 3=4] [=4; 3=4]? [ 3=4; =4] [ 3=4; =4](?????
?????C???D)?????????????????????????
 ?? [=4; 3=4] [ 3=4; =4](??????????A)???????
??????????????????????????????????
??????????????????????????????????
????????
?????????????????????????????? 7.3????
????????????????????????????????????
????????????????????????????????????
??????
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7.5 ???
7.5 ???
?????? 3????????????????????????????
????????????????????????????????????
?????????????????????????????
? 7.2????PD???????????????????????????
????????????????????????????????????
????????????????????????????????????
???????????????????????? 7.3????? 7.2????
?????????? 2?????????????????????????
????????????????????????????????????
????????????????????????????????????
????????? 7.4????? 7.3???????????????????
????????????????????????????????????
?????????????????????????????????????
???????????????????
??????
 ???? (1(0); 2(0))?????4???????????????
 ??????????????? 4??????????????????
??????
 ????????????????????????
 ????????????????????????
 (1(0); 2(0))  (0; 0)???????????????????
 ???????????????????????????????
??????????????
 ???????????????????????????
 ??????????????????????????????????
?????????????????????????????????
?????
????????????????????????????????????
????????????????????????????????????
??????????????
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?8?
? ?
???????????????????????????????????
????????????????????????????????????
????????????????????????
? 3??????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????????
?????? 1???? 1????????????????????????
???????????????????????????????
? 4?????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
?????????????????
??????? 2???????????????????????????
?????????????????????
? 5?????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????????????????????
?????????????????????? 3????????????
????????????????????????????????????
????
? 6?????????????????????????????????
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7.5 ???
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????? 3??????????????
????????????????????????????????????
????????????????????????????????????
??? 3???????????????
??????? 4???????????????????????????
????????????????????????????????????
????????????????????????
? 7?????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????
??????? 5???????????????????????????
???????????????????????????????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
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?????????????????
??????????????????????????
???????????????????????????????????
????????????????????????????????????
??????????????????????????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????????
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CIP rkg.h?CIP local gl.h)????????
/*** CIP_kylink.cc ***/
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <sys/time.h>
#include <sys/types.h>
#include <sys/stat.h>
#include <fcntl.h>
#include <unistd.h>
#include <linux/input.h>
#include <pthread.h>
#include "CIP_rkg.h"
#include "CIP_local_gl.h"
Model *model;
static void move_mouse( void );
static void reset_mouse( void );
// ????????
struct timeval tv[2];
pthread_t thread[2];
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char mdev[][256] = { "/dev/input/event9" , "/dev/input/event10" };
fd_set rfds[2];
int retval[2], abs_x[2], abs_y[2], rel_x[2], rel_y[2];
int fd[2];
struct input_event ev[2];
/** ?????????????? **/
void move_mouse( void ) {
difmou_r1 = (double)abs_x[0]; // ? (?)???????
d_difmou_r1 = (double)rel_x[0];
difmou_b1 = (double)abs_x[1]; // ? (?)???????
d_difmou_b1 = (double)rel_x[1];
}
/** ???????????????????????? **/
void reset_mouse( void ) {
// ??????????????
abs_x[0] = 0; abs_x[1] = 0; abs_y[0] = 0; abs_y[1] = 0;
difmou_r1 = 0.0; d_difmou_r1 = 0.0; // ? (?)???????
difmou_b1 = 0.0; d_difmou_b1 = 0.0; // ? (?)???????
}
/** ?????????? **/
void get_mouse(int mid)
{
fd[mid] = open( mdev[mid], O_RDONLY );
ioctl(fd[mid],EVIOCGRAB,1); // ???????????
abs_x[mid] = abs_y[mid] = 0;
while(1){
FD_ZERO( rfds+mid );
FD_SET( fd[mid], rfds+mid );
tv[mid].tv_sec = 0;
tv[mid].tv_usec = 30000; // ?????????????
retval[mid] = select( fd[mid]+1, rfds+mid, NULL, NULL, tv+mid );
if( retval[mid]==-1 ){
perror( "select()" );
} else if ( retval[mid] ){
if( read( fd[mid], ev+mid, sizeof(ev[mid]) ) != sizeof(ev[mid]) ){
exit( EXIT_FAILURE );
}
switch( ev[mid].type ){
case EV_REL:
switch( ev[mid].code ){
case REL_X:
rel_x[mid] = ev[mid].value;
abs_x[mid] += rel_x[mid]; break;
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case REL_Y:
rel_y[mid] = ev[mid].value;
abs_y[mid] += rel_y[mid]; break;
default:
break;
} // switch(ev[mid].code)
break;
default:
break;
} // switch(ev[mid].type)
}else{
rel_x[mid] = 0; rel_y[mid] = 0;
} // if(retval[mid])
} // while(1)
}
/** ?????????????? **/
void *thread_func0( void *param )
{
get_mouse(0);
return NULL;
}
void *thread_func1( void *param )
{
get_mouse(1);
return NULL;
}
int main(int argc, char *argv[])
{
// ???????????
if (pthread_create( (thread+0), NULL, thread_func0, NULL ) !=0 ) {
perror("pthread_create");
}
if (pthread_create( (thread+1), NULL, thread_func1, NULL ) !=0 ) {
perror("pthread_create");
}
model = new Model;
glutInitWindowSize(1200, 400);
glutInitWindowPosition(30, 200);
glutInit(&argc, argv);
glutInitDisplayMode(GLUT_RGBA | GLUT_DOUBLE);
glutCreateWindow(argv[0]);
glutDisplayFunc(gl_display);
glutKeyboardFunc(gl_keyboard);
glutMotionFunc(gl_motion);
glutPassiveMotionFunc(gl_pass_motion);
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glutTimerFunc ( D_TIMER, gl_timer, 0 );
glClearColor(1.0, 1.0, 1.0, 0.0);
glutMainLoop();
return 0;
}
/*** CIP_rkg.h ***/
#include "Rkg++.h"
#define D_TIME 0.002
#define POW2(a) ((a)*(a))
#define x1_0 -0.5 // ????????
#define th1_0 0.00 // ?????????
#define th2_0 0.00 // ?????????
double difmou_r1 = 0.0; // ? (?)????????
double d_difmou_r1 = 0.0; // ? (?)?????????
double difmou_b1 = 0.0; // ? (?)????????
double d_difmou_b1 = 0.0; // ? (?)?????????
double F1 = 0; double F2 = 0; // x?????
double E1 = 0; double E2 = 0; // ??????
struct {
double M, m, r, l, g, c_air;
double link_k, link_c;
double mouse_scale, time_scale;
} sysp; // system parameters
class Model: public Rkg4 {
public:
Model(double time_step = D_TIME): Rkg4(8) {
// ??????????
sysp.M = 0.1; // ?? 1,?? 2??? (0.1)
sysp.m = 0.1; // ?? 1,?? 2??? (0.1)
sysp.r = 0.5; // ?????? (0.3)
sysp.l = 1.0; // ??????? (??:???)
sysp.g = 9.8; // ?????
sysp.link_k = 5.0e4; // ?????????
sysp.link_c = 150.0; // ????????? c1
sysp.c_air = 0.5; // ???????????? (0.4)
sysp.mouse_scale = 0.0005;
sysp.time_scale = 0.5;
noperiodic(D_TIME);
// ???????????????
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init_x_th(x1_0, 0.0, 0.0, th1_0, 0.0, th2_0, 0.0);
}
void init_x_th ( double x1, double dx1, double dx2, double th1,
double dth1, double th2, double dth2 ) {
x(1) = x1; x(2) = dx1; x(3) = th1; x(4) = dth1;
x(5) = x1_0 + sysp.r*(sin(th1)-sin(th2))
+ sqrt(-POW2(sysp.r*cos(th1)-sysp.r*cos(th2))+POW2(sysp.l));
x(6) = dx2; x(7) = th2; x(8) = dth2;
}
/** ??????? **/
double torque(double th, double dth)
{
double T;
double k = 5000.0;
double c = 50;
if(th>=M_PI/2){
T = -k*(th-M_PI/2) - c*dth; // ?/2?????
}else{
if(th<=-M_PI/2){
T = -k*(th+M_PI/2) - c*dth; // ????/2???
}else{
T = 0.0; // ??????
}
}
return T;
}
void ode()
{
double x1, dx1, x2, dx2, th1, dth1, th2, dth2;
x1 = x(1); dx1 = x(2); th1 = x(3); dth1 = x(4);
x2 = x(5); dx2 = x(6); th2 = x(7); dth2 = x(8);
// ????
double A, B, F, G, H, I, M;
A = (x1-x2)+sysp.r*sin(th1) - sysp.r*sin(th2);
B = sysp.r*cos(th1) - sysp.r*cos(th2);
F = A*A + B*B;
G = A*(dx1-dx2+sysp.r*dth1*cos(th1) - sysp.r*dth2*cos(th2))
- B*sysp.r*(dth1*sin(th1) - dth2*sin(th2));
H = sysp.r*sin(th1-th2) + (x1-x2)*cos(th1);
I = sysp.r*sin(th1-th2) + (x1-x2)*cos(th2);
M = (F - sysp.l*sqrt(F))/F;
// ??
double vv1[2], vv2[2], uu1[2], uu2[2];
vv1[2] = {dx1 + sysp.r*dth1*cos(th1), -sysp.r*dth1*sin(th1)}; //???? (x1)
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vv2[2] = {dx2 + sysp.r*dth2*cos(th2), -sysp.r*dth2*sin(th2)}; //???? (x2)
uu1[2] = {x1 + sysp.r*sin(th1), sysp.r*cos(th1) ; //???????? (x1)
uu2[2] = {x2 + sysp.r*sin(th2), sysp.r*cos(th2)}; //???????? (x2)
// x?????
double K1, K2, K3, K4;
K1 = 125.0; K2 = 12.5; K3 = 50000.0; K4 = 250.0;
double x2_0; // x2????
x2_0 = x1_0 + sysp.r*(sin(th1_0) - sin(th2_0))
+ sqrt(-POW2(sysp.r*cos(th1_0) - sysp.r*cos(th2_0)) + POW2(sysp.l));
double pd_f1, pd_f2, mouse_f1, mouse_f2, x_resi_f1, x_resi_f2;
pd_f1 = 0; // ?????
pd_f2 = 0;
mouse_f1 = -K3*(x1 - difmou_r1*sysp.mouse_scale + x1_0) - K4*dx1;
mouse_f2 = -K3*(x2 - difmou_b1*sysp.mouse_scale + x2_0) - K4*dx2;
// ????? (??????????)
x_resi_f1 = -sysp.c_air*vv1[0]; // ????
x_resi_f2 = -sysp.c_air*vv2[0];
F1 = pd_f1 + mouse_f1 + x_resi_f1;
F2 = pd_f2 + mouse_f2 + x_resi_f2;
// ??????
double yuka_f1, yuka_f2, th_resi_f1, th_resi_f2;
yuka_f1 = torque(th1,dth1); // ????????
yuka_f2 = torque(th2,dth2);
th_resi_f1 = sysp.c_air*(uu1[0]*vv1[1] - vv1[0]*uu1[1]); // ????
th_resi_f2 = sysp.c_air*(uu2[0]*vv2[1] - vv2[0]*uu2[1]);
E1 = yuka_f1 + th_resi_f1;
E2 = yuka_f2 + th_resi_f2;
// ????????
double Mat1[2][2] = {{0.0,0.0}, {0.0,0.0}};
Mat1[0][0] = (sysp.M + sysp.m);
Mat1[0][1] = Mat1[1][0] = sysp.m * sysp.r * cos(th1);
Mat1[1][1] = sysp.m * sysp.r * sysp.r;
double Det1 = Mat1[0][0]*Mat1[1][1] - Mat1[0][1]*Mat1[1][0];
double Mat2[2][2]={{0.0,0.0}, {0.0,0.0}};
Mat2[0][0] = (sysp.M + sysp.m);
Mat2[0][1] = Mat2[1][0] = sysp.m * sysp.r * cos(th2);
Mat2[1][1] = sysp.m * sysp.r * sysp.r;
double Det2 = Mat2[0][0]*Mat2[1][1] - Mat2[0][1]*Mat2[1][0];
// ?????????????
double J1, J2, L1, L2;
J1 = -sysp.m*sysp.r*dth1*dth1*sin(th1)
+ sysp.link_k*A*M + (sysp.link_c*A*G)/F;
J2 = -sysp.m*sysp.r*dth2*dth2*sin(th2)
- sysp.link_k*A*M - (sysp.link_c*A*G)/F;
L1 = -sysp.m*sysp.g*sysp.r*sin(th1)
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+ sysp.link_k*sysp.r*H*M + (sysp.link_c*sysp.r*G*H)/F;
L2 = -sysp.m*sysp.g*sysp.r*sin(th2)
- sysp.link_k*sysp.r*I*M - (sysp.link_c*sysp.r*G*I)/F;
// ??
double bb1[2] = {0.0, 0.0};
bb1[0] = F1 - J1; bb1[1] = E1 - L1;
double bb2[2] = {0.0, 0.0};
bb2[0] = F2 - J2; bb2[1] = E2 - L2;
// ?????
dx(1) = sysp.time_scale*x(2);
dx(2) = sysp.time_scale*( Mat1[1][1]*bb1[0] - Mat1[0][1]*bb1[1] )/Det1;
dx(3) = sysp.time_scale*x(4);
dx(4) = sysp.time_scale*( -Mat1[1][0]*bb1[0] + Mat1[0][0]*bb1[1] )/Det1;
dx(5) = sysp.time_scale*x(6);
dx(6) = sysp.time_scale*( Mat2[1][1]*bb2[0] - Mat2[0][1]*bb2[1] )/Det2;
dx(7) = sysp.time_scale*x(8);
dx(8) = sysp.time_scale*( -Mat2[1][0]*bb2[0] + Mat2[0][0]*bb2[1] )/Det2;
}
};
/*** CIP_local.h ***/
#include <GL/glut.h>
#define D_TIMER 20
int is_stop = -1;
int itime = 0;
int is_first_pos = 1;
int first_pos = 0;
double mouse_stop = 0.0;
/* main system */
static void game_over( void );
static void gl_display( void );
static void gl_timer( int dummy );
static void gl_motion( int x, int y );
static void gl_pass_motion( int x, int y );
static void gl_keyboard( unsigned char key, int x, int y );
void game_over(void)
{
glColor3f(0.1, 0.0, 1.0);
char ichi_m[10];
sprintf ( ichi_m, "GAME OVER");
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glRasterPos2f(-0.1, 0.3); // ?????????
for (int i=0; ichi_m[i]!='\0'; i++ )
glutBitmapCharacter( GLUT_BITMAP_HELVETICA_18, ichi_m[i] );
}
static void gl_display(void)
{
double x1,x2,th1,th2;
x1 = model->x(1); th1 = model->x(3);
x2 = model->x(5); th2 = model->x(7);
double scale = 1.0; // ??
double r = sysp.r; // ??????
double x[4], y[4]; // ??????????
double center;
x[0] = scale*x1; y[0] = 0.0; // ?? 1???
x[1] = scale*(x1+r*sin(th1)); y[1] = scale*r*cos(th1); // ?? 1???
x[2] = scale*(x2+r*sin(th2)); y[2] = scale*r*cos(th2); // ?? 2???
x[3] = scale*x2; y[3] = 0.0; // ?? 2???
center = 0.5*(x[0]+x[3]);
// graphics system
glClear(GL_COLOR_BUFFER_BIT);
glLoadIdentity();
double area = 1.5; // ????? (-area??+area??)
glOrtho(-area, area, -0.2, 0.8, -1.0, 1.0);
gluLookAt(0.0, 0.0, 0.1, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0);
double xscale = 0.0; //????????
double yscale = 0.0; //????????
// x????
glLineWidth(3.0); // ????
glColor3d(0.5, 0.5, 0.5);
glBegin(GL_LINES);
glVertex2d(center - 5.0, yscale); glVertex2d(center + 5.0, yscale);
glEnd();
// ?????
double yoko = 0.05; // ????
double tate = 0.025; // ?????
glLineWidth(5.0); // ????
glColor3d(1.0, 0.0, 0.0); // ??????
glBegin(GL_QUADS);
glVertex2d(x[0] - yoko + xscale, -tate + yscale);
glVertex2d(x[0] - yoko + xscale, tate + yscale);
glVertex2d(x[0] + yoko + xscale, tate + yscale);
glVertex2d(x[0] + yoko + xscale, -tate + yscale);
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glEnd();
glColor3d(0.0, 0.0, 1.0); // ??????
glBegin(GL_QUADS);
glVertex2d(x[3] - yoko + xscale, -tate - yscale);
glVertex2d(x[3] - yoko + xscale, tate - yscale);
glVertex2d(x[3] + yoko + xscale, tate - yscale);
glVertex2d(x[3] + yoko + xscale, -tate - yscale);
glEnd();
// ???????
glColor3d(0.0, 0.9, 0.0);
glBegin(GL_LINES);
glVertex2d(x[1] + xscale, y[1] + yscale);
glVertex2d(x[2] + xscale, y[2] + yscale);
glEnd();
// ??
glColor3d(1.0, 0.3, 0.4); // ??????
glBegin(GL_LINES);
glVertex2d(x[0] + xscale, y[0] + yscale);
glVertex2d(x[1] + xscale, y[1] + yscale);
glEnd();
glColor3d(0.4, 0.3, 1.0); // ??????
glBegin(GL_LINES);
glVertex2d(x[2] + xscale, y[2] + yscale);
glVertex2d(x[3] + xscale, y[3] + yscale);
glEnd();
// ??????
if( x1+0.05 <= -area || area <= x2-0.05 ){ // ?????
game_over_big(); is_stop = -1;
}
if( y[1] <= 0 || y[2] <= 0 ){ // ?????????????
game_over_big(); is_stop = -1;
}
glutSwapBuffers();
}
static void gl_timer( int dummy ) {
// x2????
double x2_0 = x1_0 + sysp.r*(sin(th1_0) - sin(th2_0))
+ sqrt(-POW2(sysp.r*cos(th1_0) - sysp.r*cos(th2_0)) + POW2(sysp.l));
if (is_stop==1) {
for (int i=0; i<10; i++){
move_mouse();
model->solve();
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}// ?????
printf("%f \t %f \t %f \t %f \t",
model->x(1), model->x(2), model->x(3), model->x(4));
printf("%f \t %f \t %f \t %f \t",
model->x(5), model->x(6), model->x(7), model->x(8));
printf("%f \t %f \t %f \t %f \t",
sysp.r*sin(model->x(3)), sysp.r*sin(model->x(7)),
difmou_r1*sysp.mouse_scale + x1_0,
difmou_b1*sysp.mouse_scale + x2_0);
printf("%f \t %f \t %f \t %f \n", F1, F2, E1, E2);
}
glutPostRedisplay () ;
glutTimerFunc ( D_TIMER, gl_timer, 0 );
}
static void gl_motion(int x, int y) {
if (is_first_pos==1) {
first_pos = x;
is_first_pos = 0;
}
}
static void gl_pass_motion(int x, int y) {
is_first_pos = 1;
}
static void gl_keyboard(unsigned char key, int x, int y) {
switch (key) {
case 's':
case 'S':
switch (is_stop) {
case 1: is_stop *= -1; break;
case -1: is_stop *= -1; reset_mouse();
glutTimerFunc(D_TIMER, gl_timer, 0 ); break;
}
printf("# x1\t\tdx1\t\tth1\t\tdth1\t\tx2\t\tdx2\t\tth2\t\tdth2\t\t");
printf("BE1\t\tBE2\t\ttarget1\t\ttarget2\t\tF1\t\tF2\t\tE1\t\tE2\n");
break;
case 'q':
case 'Q':
exit(0);
default:
break;
}
}
202
F.1.2 ????????????
???????????????????????????????????
?????????????????? F.1?????
? F.1: ???????????????????????????
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F.2 ?????????????????
F.2.1 ??????
???????????????????????????????????
????????OpenGL????????????????? (Bang kylink.cc?
Bang rkg.h?Bang local gl.h)????????
/*** Bang_kylink.cc ***/
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <GL/glut.h>
#include "CIP_rkg.h"
#include "local_gl.h"
Model *model;
#define MAXN 30000
int main(int argc, char *argv[]) {
double t1, t2, th1, th2, u, df1,df2, dtheta1, dtheta2,
f1_area, f2_area, theta1_area, theta2_area,U1, U2, G1, G2;
double p; //???????
model = new Model;
if ( argc == 8 +1) {
sysp.pd_K = atof( argv[1] ); sysp.pd_L = atof( argv[2] );
th1 = atof( argv[3] ); th2 = atof( argv[4] );
t1 = atof( argv[5] ); t2 = atof( argv[6] );
u = atof( argv[7] );
p = atof( argv[8] );
model->init_th( th1, th2 );
sysp.p = p;
sysp.t1 = t1; sysp.t2 = t2;
sysv.u = u;
}else {
fprintf(stderr,"usage: %s K L th1 th2 t1 t2 u(force) p(speed)\n", argv[0]);
fprintf(stderr,"pd_F=0: The mouse is not used.\n");
return 0;
}
printf("#time \t \t push \t \t R_th \t \t R_dth \t \t B_th \t \t B_dth
\t \t R_x \t \t R_dx \t \t B_x \t \t B_dx \n"); // ????????
// glut
glutInitWindowSize(1200, 600);
glutInitWindowPosition(250,100);
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glutInit(&argc, argv);
glutInitDisplayMode(GLUT_RGBA | GLUT_DOUBLE | GLUT_DEPTH);
glutCreateWindow(argv[0]);
glutDisplayFunc(gl_display);
glutKeyboardFunc(gl_keyboard);
glutSpecialFunc(Specialkey_Down); // ???????
glutSpecialUpFunc(Specialkey_Up); // ???????
glutMouseFunc(mouse);
glutTimerFunc ( D_TIMER, gl_timer, 0 );
glClearColor(1.0, 1.0, 1.0, 0.0);
glEnable(GL_DEPTH_TEST);
glCullFace(GL_FRONT);
glEnable(GL_LIGHTING);
glEnable(GL_LIGHT0);
glEnable(GL_LIGHT1);
glLightfv(GL_LIGHT1, GL_DIFFUSE, white);
glLightfv(GL_LIGHT1, GL_SPECULAR, white);
glutMainLoop();
return 0;
}
/*** Bang_rkg.h ***/
#include "Rkg++.h"
#define POW2(a) ((a)*(a))
int force_cut1 = 1;
int force_cut2 = 1;
int act1 = 0;
int act2 = 0;
struct _sysp_ {
double p; //???????
double m, r, l, g;
double rod_k, rod_c, th_c, x_c;
double pd_K, pd_L;
double mom1, mom2; //impulse strength (momentam)
double t1, t2; //suspension time interval
} sysp; // system parameters
struct _sysv_ {
double f1, f2; //feedback force variable
double imp1, imp2; //impulse force variable
double u; //????????
} sysv; // system variables
struct _flag_{
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int meter_output;
int win_lose;
} flag;
class Model: public Rkg4 {
int irep;
double d_time;
public:
int is_converged, equil[2];
Model(double time_step = 0.002): Rkg4(8) { //time_step = 0.002
// Default parameter values
sysp.p = 1.0;
sysp.m = 1.0; // ?? 1//?? 1//?? 2//?? 2???
sysp.r = 0.3; // ??????
sysp.l = 1.0; // ??????? (??????)
sysp.g = 9.8; // ?????
sysp.rod_k = 5e4; // ?????????
sysp.rod_c = 3.0; // ?????????
sysp.pd_K = 50.0; // ??????????
sysp.pd_L = 5.0; // ??????????
sysp.x_c = 0.1; // x???????
sysp.th_c = 0.1; // ????????
sysp.mom1 = sysp.mom2 = 0.0;
sysv.imp1 = sysv.imp2 = 0.0;
sysv.u = 0.0;
d_time = time_step;
noperiodic(d_time);
// Initial conditions
init_th( 0.0, 0.0 ); init_dx( 0.0, 0.0 ); init_dth( 0.0, 0.0 );
equil[0] = equil[1] = -1;
is_converged = 0; irep = 0;
}
#define MOD2PI(a) (\
fabs(fmod(fmod((a)+0.5*M_PI, 2.0*M_PI)-0.5*M_PI,2.0*M_PI)) )
#define MAX(a,b) ( ((a)>(b))? a: b )
//////////////////////////////////////////////////////////////////////////
// ??? double fmod(double x, double y); //
// ??? fmod????x/y?????????????? //
// ??? fmod????y? 0?????????? i???? x-i*y?????? //
// ??????x????????????? y????????? //
// y? 0?????????????????fmod??? 0?????? //
// ????????? //
//////////////////////////////////////////////////////////////////////////
/* impulse control && start control */
void solve( int n=1 )
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{if( t() >= 1.5){
if ( irep == 0 ) {
sysv.imp1 = sysp.mom1 / d_time / (double)n;
sysv.imp2 = sysp.mom2 / d_time / (double)n;
irep ++;
}else{
sysv.imp1 = 0.0; sysv.imp2 = 0.0;
}
}
Rkg4::solve(n);
}
void solve_with_check( int n=1 ) {
double eps = 1.0e-12;
double err_up, err_dn;
solve(n);
double th[2] = {MOD2PI(x(3)), MOD2PI(x(7))};
double dth[2] = {x(4), x(8)};
for ( int i=0; i<2; i++ ) {
err_up = MAX(fabs(th[i]),fabs(dth[i]));
err_dn = MAX(fabs(th[i]-M_PI),fabs(dth[i]));
if ( err_up < eps )
equil[i] = 1; /* up */
else if ( err_dn < eps )
equil[i] = 0; /* down */
}
if ( equil[0] >= 0 && equil[1] >= 0 ) is_converged = 1;
}
void init_th( double th1, double th2 ) {
x(1) = 0.0; // ?? 1???
x(3) = th1; // ?? 1???
x(5) = x(1) + sysp.r*( sin(th1) - sin(th2) )
+ sqrt(-POW2(sysp.r*cos(th1)-sysp.r*cos(th2))+POW2(sysp.l)); // ?? 2???
x(7) = th2; // ?? 2???
}
void init_dx( double dx1, double dx2 ) {
x(2) = dx1; // ?? 1???
x(6) = dx2; // ?? 2???
}
void init_dth( double dth1, double dth2 ) {
x(4) = dth1; // ?? 1????
x(8) = dth2; // ?? 2????
}
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void ode() {
//???????
double x1, x2, dx1, dx2, th1, th2, dth1, dth2;
x1 = x(1); dx1 = x(2); th1 = x(3); dth1 = x(4);
x2 = x(5); dx2 = x(6); th2 = x(7); dth2 = x(8);
// Default feedback
sysv.f1 = sysp.pd_K*sysp.r*sin(th1) + sysp.pd_L*sysp.r*dth1*cos(th1);
sysv.f2 = sysp.pd_K*sysp.r*sin(th2) + sysp.pd_L*sysp.r*dth2*cos(th2);
// ??
if(force_cut1 == -1 && force_cut2 == 1 || force_cut1 == 1 && force_cut2 == 1
&& act1 >= 1 && act2 == 0 || 0 <= t() && t() < sysp.t1) {
sysv.f2 = sysv.f2 + sysv.u;
}else{
sysv.f2 = sysv.f2;
}
if(force_cut1 == 1 && force_cut2 == -1 || force_cut1 == 1 && force_cut2 == 1
&& act2 >= 1 && act1 == 0|| sysp.t1 <= t() && t() < sysp.t1 + sysp.t2 ) {
sysv.f2 = sysv.f2 - sysv.u;
}else{
sysv.f2 = sysv.f2;
}
double DX, DY, Dl2, Dl, dDX, dDY, dDl;
DX = x2 - x1 + sysp.r*( sin(th2) - sin(th1) );
DY = sysp.r*( cos(th2) - cos(th1) );
Dl2 = DX*DX + DY*DY;
Dl = sqrt(Dl2);
dDX = dx2 - dx1 + sysp.r*( dth2*cos(th2) - dth1*cos(th1) );
dDY = sysp.r*( dth1*sin(th1) - dth2*sin(th2) );
dDl = 2.0*(dDX*DX + dDY*DY);
#define QQ(th) (cos(2.0*th)-3.0)
#define G1(th,dth) (2.0*sin(th)*(sysp.g*cos(th) - sysp.r*dth*dth) /QQ(th) )
#define G2(th,dth) (2.0*sin(th)*(-2.0*sysp.g
+ sysp.r*cos(th)*dth*dth)/sysp.r/QQ(th))
#define H1(th) (sin(th)*(DY*cos(th) + DX*sin(th))/sysp.m/QQ(th))
#define H2(th) ((DX*cos(th) - 2.0*DY*sin(th))/sysp.m/sysp.r/QQ(th))
dx(1) = (1.0/sysp.p)*x(2);
dx(2) = (1.0/sysp.p)*(-sysp.x_c*dx1 - 2.0/(sysp.m*QQ(th1))*sysv.f1
- dDl*H1(th1)/Dl2*sysp.rod_c - 2.0*(Dl-sysp.l)*H1(th1)/Dl*sysp.rod_k
+ G1(th1,dth1));
dx(3) = (1.0/sysp.p)*x(4);
dx(4) = (1.0/sysp.p)*(-sysp.th_c*dth1
+ 2.0*cos(th1)/(sysp.m*sysp.r*QQ(th1))*sysv.f1
208
- dDl*H2(th1)/Dl2*sysp.rod_c - 2.0*(Dl-sysp.l)*H2(th1)/Dl*sysp.rod_k
+ G2(th1,dth1));
dx(5) = (1.0/sysp.p)*x(6);
dx(6) = (1.0/sysp.p)*(-sysp.x_c*dx2 - 2.0/(sysp.m*QQ(th2))*sysv.f2
+ dDl*H1(th2)/Dl2*sysp.rod_c + 2.0*(Dl-sysp.l)*H1(th2)/Dl*sysp.rod_k
+ G1(th2,dth2));
dx(7) = (1.0/sysp.p)*x(8);
dx(8) = (1.0/sysp.p)*(-sysp.th_c*dth2
+ 2.0*cos(th2)/(sysp.m*sysp.r*QQ(th2))*sysv.f2
+ dDl*H2(th2)/Dl2*sysp.rod_c + 2.0*(Dl-sysp.l)*H2(th2)/Dl*sysp.rod_k
+ G2(th2,dth2));
}
};
/*** Bang_local.h ***/
#include <time.h>
#include <sys/time.h>
#define TIME_LIMIT 5
#define TIME_OUT 7
#define D_TIMER 20
#define solve 10
int error = 0; //???????
// the number of times to solve //
int number_to_solve = 1;
int first = 1;
int is_stop = 0;
bool key_up; // ?????
bool key_down; // ?????
bool key_left; // ?????
bool key_right; // ?????
/* Light color */
GLfloat white[] = { 1.0, 1.0, 1.0, 1.0 };
/* main system */
static void gl_display(void);
static void gl_timer( int dummy );
static void gl_motion(int x, int y);
static void gl_pass_motion(int x, int y);
static void gl_keyboard(unsigned char key, int x, int y);
static void gl_getValueFromMenu(int value);
static void draw_word(float x, float y, const char* string);
209
static void draw_word(float x, float y, const char* string)
{
glRasterPos2d(x, y);
char* p = (char*) string;
while (*p != '\0')
glutBitmapCharacter(GLUT_BITMAP_TIMES_ROMAN_24, *p++);
}
double gettimeofday_sec()
{
struct timeval tv;
gettimeofday(&tv,NULL);
return tv.tv_sec + (double)tv.tv_usec*1e-6;
}
static void gl_display(void)
{
int i, j;
double x1, x2, th1, th2;
x1 = model->x(1);
th1 = model->x(3);
x2 = model->x(5);
th2 = model->x(7);
double scale = 1.0; // ????????
double r = 0.3; // ??????
double x[4], y[4];
x[0] = scale*x1; y[0] = 0.0; // ?? 1???
x[1] = scale*(x1+r*sin(th1)); y[1] = scale*r*cos(th1); // ?? 1???
x[2] = scale*(x2+r*sin(th2)); y[2] = scale*r*cos(th2); // ?? 2???
x[3] = scale*x2; y[3] = 0.0; // ?? 2???
// ??
int face[][4] = {{ 0, 1, 2, 3 }, { 1, 5, 6, 2 }, { 5, 4, 7, 6 },
{ 4, 0, 3, 7 }, { 4, 5, 1, 0 }, { 3, 2, 6, 7 }};
// ????
GLdouble normal[][3] = {{ 2.0, 0.0, 0.0 }, {-2.0, 0.0, 0.0 },
{ 0.0,-2.0, 0.0 }, { 0.0, 2.0, 0.0 }};
/* ???? */
GLfloat light0pos[] = { 0.5*(x[0]+x[3]), 1.5, -1.0, 1.0 };
GLfloat light1pos[] = { 0.5*(x[0]+x[3]), 1.5, +1.0, 1.0 };
/* ??????????? */
GLfloat red[] = { 1.0, 0.0, 0.0, 1.0 };
GLfloat blue[] = { 0.0, 0.0, 1.0, 1.0 };
GLfloat green[] = { 0.0, 0.25, 0.0, 1.0 };
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GLfloat gray[] = { 0.08, 0.08, 0.08, 1.0 };
GLfloat dark_red[] = {0.5, 0.0, 0.0, 1.0};
GLfloat dark_blue[] = {0.0, 0.0, 0.5, 1.0};
GLfloat black[] = {0.0, 0.0, 0.0, 1.0};
// graphics system
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
glLoadIdentity();
// ?????
double cam_pos = 0.5*(x[0]+x[3]); //?????
gluLookAt(cam_pos , 0, 0.1 , cam_pos, 0.0, 0.0, 0.0, 1.0, 0.0);
// Light
glLightfv(GL_LIGHT0, GL_POSITION, light0pos);
glLightfv(GL_LIGHT1, GL_POSITION, light1pos);
// ??????????? error??????
if (force_cut1 ==-1 && force_cut2 ==-1) {
error = 1;
}
if ( error == 1 ){
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, red);
draw_word(cam_pos -0.1 , + 0.4, "ERROR");
}
// ???????
glLineWidth(3.0);
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, gray);
glBegin(GL_LINES);
for ( int j=1; j<4; j++ ) {
glVertex2d( x[j-1], y[j-1] ); glVertex2d( x[j], y[j] );
}
glEnd();
// ? (?)??
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, red);
for (j = 0; j < 4; ++j) {
glNormal3dv(normal[j]); //????
}
glBegin(GL_QUADS);
glVertex2d(x[0] - 0.06, -0.04); glVertex2d(x[0] + 0.06, -0.04);
glVertex2d(x[0] + 0.06, 0.04); glVertex2d(x[0] - 0.06, 0.04);
glEnd();
// ? (?)??
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, blue);
for (j = 0; j < 4; ++j) {
glNormal3dv(normal[j]); //????
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}glBegin(GL_QUADS);
glVertex2d(x[3] - 0.06, -0.04); glVertex2d(x[3] + 0.06, -0.04);
glVertex2d(x[3] + 0.06, 0.04); glVertex2d(x[3] - 0.06, 0.04);
glEnd();
// ???
glLineWidth(2.0);
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, green);
glBegin(GL_LINES);
glVertex2d(-1.0 + (x[0]+x[3])/2, 0.0); glVertex2d(1.0 + (x[0]+x[3])/2, 0.0);
glEnd();
// ?????????????
// ???
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, gray);
glBegin(GL_LINES);
glVertex2d(cam_pos - 0.5, -0.75 + 0.0);
glVertex2d(cam_pos + 0.5, -0.75 - 0.0);
glVertex2d(cam_pos + 0.0, -0.75 - 0.1);
glVertex2d(cam_pos - 0.0, -0.75 + 0.1);
glEnd();
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, gray);
glBegin(GL_LINES);
for ( int i=1; i<6; i++ ){
glVertex2d(cam_pos + i*0.1, -0.75 - 0.05);
glVertex2d(cam_pos + i*0.1, -0.75 + 0.05);
glVertex2d(cam_pos - i*0.1, -0.75 - 0.05);
glVertex2d(cam_pos - i*0.1, -0.75 + 0.05);
}
glEnd();
// ?? (?)
glMaterialfv(GL_FRONT_AND_BACK, GL_DIFFUSE, dark_blue);
if (0 <= model->t() && model->t() < sysp.t1 || force_cut1 == -1
&& force_cut2 ==1 || force_cut1 == 1 && force_cut2 == 1
&& act1 >= 1 && act2 == 0 ){
glBegin(GL_TRIANGLE_FAN);
glVertex2d( (0.5*sysv.u/100) + cam_pos +0.2 , -0.75 );
glVertex2d( (0.5*sysv.u/100) + cam_pos +0.1 , -0.75 + 0.07+0.075);
glVertex2d( (0.5*sysv.u/100) + cam_pos +0.1 , -0.75 + 0.07);
glVertex2d( cam_pos , -0.75 + 0.07); glVertex2d( cam_pos , -0.75 );
glBegin(GL_TRIANGLE_FAN);
glVertex2d( (0.5*sysv.u/100) + cam_pos +0.2 , -0.75 );
glVertex2d( (0.5*sysv.u/100) + cam_pos +0.1 , -0.75 - 0.07-0.075);
glVertex2d( (0.5*sysv.u/100) + cam_pos +0.1 , -0.75 - 0.07);
glVertex2d( cam_pos , -0.75 - 0.07); glVertex2d( cam_pos , -0.75 );
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}// ?? (?)
if(sysp.t1 <= model->t() && model->t() < sysp.t1 + sysp.t2
|| force_cut1 == 1 && force_cut2 == 1 && act2 >= 1
&& act1 == 0 || force_cut1 == 1 && force_cut2 == -1){
glBegin(GL_TRIANGLE_FAN);
glVertex2d( (-0.5*sysv.u/100) + cam_pos -0.2 , -0.75 );
glVertex2d( (-0.5*sysv.u/100) + cam_pos -0.1 , -0.75 + 0.07+0.075);
glVertex2d( (-0.5*sysv.u/100) + cam_pos -0.1 , -0.75 + 0.07);
glVertex2d( cam_pos , -0.75 + 0.07); glVertex2d( cam_pos , -0.75 );
glBegin(GL_TRIANGLE_FAN);
glVertex2d( (-0.5*sysv.u/100) + cam_pos -0.2 , -0.75 );
glVertex2d( (-0.5*sysv.u/100) + cam_pos -0.1 , -0.75 - 0.07-0.075);
glVertex2d( (-0.5*sysv.u/100) + cam_pos -0.1 , -0.75 - 0.07);
glVertex2d( cam_pos , -0.75 - 0.07); glVertex2d( cam_pos , -0.75 );
}
glEnd();
glutSwapBuffers();
}
int a = 1;
int b = 1;
int flag1 = 0;
int flag2 = 0;
static void gl_timer( int dummy ) {
glutTimerFunc ( D_TIMER, gl_timer, 0 );
// t1????
if(0 <= model->t() && model->t() < sysp.t1 ||is_stop >= 1 && force_cut1 == -1
|| is_stop >= 1 && force_cut2 == 1 && force_cut2 == 1
&& act1 >=1 && act2 == 0 ){
printf("%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\n",
model->t(), D_TIMER*a*0.001, model->x(3), model->x(4), model->x(7),
model->x(8), model->x(1), model->x(2), model->x(5), model->x(6) );
//????????? x1 = x(1); dx1 = x(2); th1 = x(3); dth1 = x(4);
// x2 = x(5); dx2 = x(6); th2 = x(7); dth2 = x(8);
a++;
flag1 = 1;
}else{
// t2????
if(sysp.t1 <= model->t() && model->t() < sysp.t1 + sysp.t2 ||is_stop >= 1
&& force_cut2 == -1 || is_stop >= 1 && force_cut2 == 1
&& force_cut2 == 1 && act2 >=1 && act1 == 0){
printf("%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\n",
model->t(), D_TIMER*b*0.001, model->x(3), model->x(4),
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model->x(7), model->x(8), model->x(1), model->x(2),
model->x(5), model->x(6) );
b++;
flag2 = 1;
}else{
if(flag1 == 1 && flag2 == 1){
printf("%f\t0.000000\t%f\t%f\t%f\t%f\t%f\t%f\t%f\t%f\n",
model->t(), model->x(3), model->x(4), model->x(7), model->x(8)
model->x(1), model->x(2), model->x(5), model->x(6) );
}
}
}
for (int i = 0; i<solve;i++){
model->solve_with_check(number_to_solve);
}
glutPostRedisplay();
}
void mouse(int button, int state, int x, int y) {
switch (button){
case GLUT_LEFT_BUTTON:
if (state == GLUT_DOWN){ force_cut1 *= -1; }
if (state == GLUT_UP) { force_cut1 *= -1; } //???????
glutPostRedisplay();
break;
case GLUT_RIGHT_BUTTON:
if (state == GLUT_DOWN){ force_cut2 *= -1; }
if (state == GLUT_UP) { force_cut2 *= -1; } //???????
glutPostRedisplay();
break;
}
}
/* ???? down?? */
void Specialkey_Down(int key, int x, int y)
{
switch(key){
case GLUT_KEY_LEFT: // ???????????
key_left = true;
if(key_left == true){
force_cut2 *= -1; act2 += 1; is_stop += 1;
}
break;
case GLUT_KEY_RIGHT: // ???????????
key_right = true;
if(key_right == true || key_left == true){
force_cut1 *= -1; act1 += 1; is_stop += 1;
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}break;
default:
break;
}
}
/* ???? up?? */
void Specialkey_Up(int key, int x, int y)
{
switch(key){
case GLUT_KEY_LEFT: // ??????????
key_left = false;
if(key_left == false) force_cut2 *= -1;
break;
case GLUT_KEY_RIGHT: // ??????????
key_right = false;
if(key_right == false|| key_left == true) force_cut1 *= -1;
break;
default:
break;
}
}
static void gl_keyboard(unsigned char key, int x, int y) {
switch (key) {
case 's':
case 'S':
switch (is_stop) {
case 1: is_stop *= -1; break;
case -1: is_stop *= -1; glutTimerFunc ( D_TIMER, gl_timer, 0 ); break;
}
break;
case 'q':
case 'Q':
exit(0);
default:
break;
}
}
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F.2.2 ????????????
???????????????????????????????????
????????????????????? F.2???? F.3?????
? F.2: ??????????????????????????? : ????
? F.3: ??????????????????????????? : ????
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